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Evolutionary adaptation is the process by which members of a population become better 
suited for particular features in their environment through heritable changes in 
characteristics that enhance their survival or reproduction (i.e. their fitness). Abilities such 
as avoidance of predators, defense against parasites and the ability to handle extreme 
weather conditions are coping mechanisms that have a selective advantage for organisms 
(i.e. fitness advantage). When coping with opposing organisms, such as predators, 
pathogens and other natural enemies, these opposing organisms are also constantly 
evolving. This can lead to a dynamic co-evolution, where reciprocal evolutionary changes 
occur in the different populations of the opposing organisms (the Red-Queen hypothesis, 
Van Halen, 1973).   
Among the greatest selective forces a population of organisms experiences is that 
of host-parasite interactions. This is due to the strong antagonistic fitness effects of the 
relationship. Parasites have evolved some extraordinary adaptations for infecting hosts. 
Hosts can suffer great costs from these infections by means of loss of fertility, increased 
morbidity and mortality, and have evolved some equally impressive adaptations to avoid or 
overcome infection. The parasites suffer from these host defense mechanisms in terms of 
development, propagation and survival. Since both antagonists impose strong selection 
pressures on each other, these host-parasite models can end up in either cycles of genetic 
change, or a runaway system of an escalation of a co-evolutionary arms race if the costs of 
adaptations do not outweigh the benefits (Schmid-Hempel, 2005).  
In this thesis, I study the evolution of an adaptive trait in natural host populations 
to parasitoid attack, using Drosophila melanogaster-Asobara tabida as a host-parasitoid 
system. Natural populations of D. melanogaster differ strongly in their ability to resist 
parasitoid attack, due to local differences in the selection pressures that have been shaping 
the host populations. The defense mechanism that provides resistance against parasitoids 
consists of an immune response named melanotic encapsulation (Lavine & Strand, 2002). 
My aim was to uncover the genetic basis for the natural variation in the immunological 
defense against parasitoids. To study this defense mechanism among natural populations 
of D. melanogaster and to investigate the variation of the immune response, I first 
collected flies from natural populations throughout Europe. Through a combination of 
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immunological assays, parasitization assays, population genetics and gene expression 
experiments, I investigated the underlying genetic variation of the immune response in 
natural populations of D. melanogaster against parasitoids. Apart from the role of genetic 
variation in the ability to resist parasitoid attack, the effect of the microbiome of D. 
melanogaster on parasitoid resistance was also considered, by characterizing the 
composition and diversity of bacterial communities in the field lines.   
 
1.1 Population genetics 
To uncover the genetic basis for the variation in parasitoid resistance, I compared natural 
populations that evolved towards different levels of parasitoid resistance. To study the 
genetic variation that underlies this phenotypic variation requires a population genetics 
approach. The field of population genetics came into existence in the early 1900s. It is the 
statistical application of Mendel’s laws at the level of populations of organisms. By 
comparing allele frequencies within and among populations, it evaluates the evolutionary 
processes that affected these populations. These comparisons can be used, for example, to 
test for evolutionary relationships between populations, how populations adapted to their 
environment or how non-adaptive processes have shaped the genetic composition of the 
populations. The evolution of populations is governed by several processes, which will be 
briefly described in this section. I will start with a brief description of the concepts of 
evolutionary processes, and how the combined processes can lead to evolutionary 
adaptations.  Finally, I will provide a brief description of the methods that I used in my 
population comparisons to distinguish between adaptive and non-adaptive evolutionary 
processes.   
 
1.1.1 Evolutionary processes affecting populations 
Genetic variation is the raw material for evolution to act on. The source of genetic variation 
is mutation. Hartl & Clark (2007) define mutation as “the heritable change in genetic 
material which can be a change in nucleotide sequence as well as the formation of a 
chromosome rearrangement” (e.g. inversions, translocation). Mutations include the full 
spectrum from single base pair changes through alterations that effect longer DNA 
sequences, including base pair transitions, insertions and deletions, duplications, 
recombination, and chromosomal alternations. By means of mutations, new alleles are 
created which contribute to genetic variation within the population. Not all mutations are 
beneficial for the individual; most are in fact neutral or deleterious. Deleterious mutations 
have a negative effect on the organism’s fitness when expressed. Beneficial mutations have 
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a positive effect on the organism’s fitness by enhancing its survival and reproduction. 
However, expression of beneficial or deleterious alleles can be conditional on specific 
environmental conditions. When these conditions are not met, such alleles are effectively 
neutral and they can accumulate in the population if not lost from the population by 
random genetic drift. 
Random genetic drift occurs when alleles increase or decrease in frequency by 
chance (Hartl & Clark, 2007). The chance that an allele fixates due to genetic drift depends 
on their initial frequency in the population, which in turn is related to the effective 
population size (i.e. the number of individuals participating in reproduction (Hartl & Clark, 
2007). When the initial frequency of a mutation is low, they are likely to be removed from 
the population, due to random genetic drift. This process can affect beneficial and 
deleterious alleles, since they both usually start at a very low frequency in the population. 
Random genetic drift can therefore play a significant role in evolution, whether selection 
plays a role or not.  
Selection is the process where particular alleles become more (or less) abundant in 
the population, due to their positive (or negative) effects on reproduction or survival of the 
individuals, carrying those alleles. Alleles that are deleterious are removed from the 
population, since individuals that carry them do not or hardly contribute to the next 
generation. This can be referred to as negative or purifying selection. Beneficial alleles will 
gradually increase in frequency from generation to generation through natural selection, 
unless they are lost by random genetic drift. They may eventually become fixed in the 
population (Schlötterer, 2003). This is what is generally called positive or directional 
selection. Alternatively, there may be selection to maintain several alleles in the population, 
thus maintaining the genetic variation in the population. These processes are collectively 
called balancing selection (Hartl & Clark, 2007). This includes, for example, frequency 
dependent selection, in which mutations are only beneficial when they occur in low or high 
frequency, or heterozygote advantage, where individuals carrying heterozygote alleles have 
a fitness advantage.  
Migration is the movement of individuals or genetic material (e.g. pollen) from one 
population to another. It contributes to an increase of genetic variation within a 
population, since new alleles are introduced through gene flow when migrants are included 
into the effective population. The effect of migration on a population depends on many 
parameters like migration rate and the number of subpopulations (Schlötterer, 2003).  
While migration may increase genetic variation, it may decrease the scope for local 
adaptation by reducing the differentiation among populations. 
In population genetics, changes in allele frequencies are estimated. The difficulty 
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When fitness is a function of allele frequencies at many loci, we are dealing with a plot with 
multiple dimensions, each dimension corresponding to the allele frequency of a particular 
locus. An example of an adaptive landscape of two loci with two alleles is given in Figure 
1.2. The landscape graph can be imagined as a complex surface containing “peaks”, “pits” 
and “saddle-shaped” regions. Each peak in the adaptive landscape of allele frequencies 
within a population represents a genetic composition or genotype for which the fitness is 
high in this environment. Pits represent possible compositions for which fitness is low 
(Futuyma, 1986). A population can be stranded on a submaximal fitness peak in the 
landscape. In order for the population to move to the highest fitness peak, it has to move 
through a nearby valley to get there. This temporary reduction in fitness can only be 
accomplished by random genetic drift, as is explained in Figure 1.1B, especially in a 
sufficiently small population where allele frequencies can change substantially by chance. 
Selection alone cannot move a population through a valley towards an even higher peak, 
simply because populations do not first become poorly adapted so that it can then become 
better adapted (Futuyma, 2013). When the population is shifted through a nearby valley (or 
saddle-shaped region) by means of genetic drift, it will eventually end up in a region where 
it will be pushed up another local fitness peak by natural selection, when not counteracted 
by drift (Hartl & Clark, 2007). Through environmental change, however, the mean fitness of 
genotypes in the population can change, and so does the adaptive landscape, with the 
consequence that pits may become peaks and vice versa (Futuyma, 1986). Since the 
starting point of the genetic composition differs among natural populations, mainly due to 
different selection pressures and genetic drift, the allelic combinations that create the 
fitness peaks differ per population. The model that explains how a population might pass 
through stages of low fitness on its way to high fitness is called the shifting balance theory 
(Wright, 1932). The model illustrates that random genetic drift can play a crucial role in 
evolution, because it is the catalyzer, together with balancing selection, for the population 
to explore the full range of its adaptive landscape (Hartl & Clark, 2007). Moreover, it 
illustrates the complexity of evolutionary adaptations, and to analyze these processes in 
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processes, the initial frequencies of alleles in the founder individuals of the populations or 
inbreeding and non-random mating in the population. Genetic differentiation can be 
examined using FST estimates. FST estimates describe allele frequencies in subpopulations 
relative to that of a theoretical total population (Hartl & Clark, 2007).     
To investigate whether divergence between populations was caused by adaptive 
evolution, two additional measures on genetic diversity are usually calculated from DNA 
fragments: the number of segregating sites, S, i.e. the nucleotide sites in a sample of 
sequences that are polymorphic, and the average number of mismatches among all 
pairwise comparisons of aligned sequences, Π. With the latter, the average number of 
pairwise mismatches per site in sequences of length L can be calculated by Π/L. This is 
commonly used to quantity the nucleotide diversity, π (Nei, 1979). To investigate whether 
divergence between populations was caused by adaptive evolution, Tajima’s D statistical 
test can be used. This test computes whether a particular gene is evolving under a random 
or non-random process within a population. Under the neutral theory model the expected 
value of S, the number of segregating sites and Π, the average number of pairwise 
mismatches will be the same, for a population at constant size and in equilibrium. When 
evolutionary processes such as selection, demographic fluctuations and other violations of 
the neutral model occur in the population, the expected values of S and Π will change, so 
that they are no longer expected to be equal. This difference in the expectation of these 
two variables can result in either a negative or positive outcome of Tajima’s D statistic. 
 
 
1.2 Functional biology 
Population genetics is basically a statistical approach, which I used mainly to compare the 
genetic composition of several populations to identify putative loci for the variation in 
parasitoid resistance. Experimental approaches are subsequently needed to characterize 
the function of these putative loci for the trait. Functional biology studies the proximate 
causes, or mechanisms, underlying a biological trait or system. To investigate the functional 
biology of protein-coding genes, these approaches associate the variation in, for example, 
DNA sequence or gene expression patterns to the phenotypic measurements of the 
ecological trait under investigation (Feder & Mitchell-Olds, 2003; Sackton et al., 2010). This 
approach of associating genotypes to phenotypes, also called genotype mapping, is still 
limited because it mainly correlates the variation in a trait to the variation in the genotype. 
Finding a true causal relationship between genes and the resulting phenotype involves 
measuring phenotypic effects after gene disruption.  
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Disruption of gene function can be accomplished by a knock-down or a knock-out of the 
target gene, or by over-expression of a gene. In over-expression studies, we insert a copy of 
the gene in the organism, for which we can induce the expression exogenously.  Knock-out 
disruption is induced at the DNA level, the gene being altered trough transgenic 
manipulation or site-directed mutagenesis, so that it no longer functions. Knock-down of a 
gene involves silencing the gene at the expression level, a technique referred to as RNA 
interference (RNAi). In this technique the expression of the target gene is being inhibited, 
by introducing a short RNA molecule that interferes with the stability and translation of the 
messenger RNA (mRNA). The introduced short interfering RNA (siRNA) is complementary to 
the mRNA, binds to it, and thereby induces the degradation of the endogenous transcript, 
because it is treated as exogenous genetic material (Wilson & Doudna, 2013). These 
techniques provide a controlled way of targeting genes, allowing phenotypic comparison 
between wild types (without disruption of the gene function) and mutants (with disruption 
of the gene function). A disadvantage of these techniques is that they can only be used to 
test one or a few genes. 
A combination of population genetics and functional biology can reveal the range 
of biological processes that are involved in adaptation to an environmental challenge and 
which loci in the genome have been under selection. This combination allows us to address 
the history of the selective forces behind the existing mechanisms that make up a trait in a 
population. To study adaptive evolution requires a suitable study system, where the 
phenotypic trait under investigation is variable in nature, heritable and subject to selection 
(Feder & Mitchell-Olds, 2003). In this thesis, I investigate the adaptive evolution of 
defensive traits that evolve in host populations as a result of the antagonistic co-evolution 
between hosts and parasitoids. 
 
1.3 The study system: host – parasitoid system 
The parasitoid-host system is a suitable model system for studying adaptive evolution, with 
parasitoids acting as the “selective force” and the host populations as evolving unit. 
Parasitoids form an environmental challenge to which the host can rapidly adapt. 
Parasitoids are insects that parasitize other insects by laying their eggs in or on these host 
insects. The larvae produced by these parasitoids develop in the insect hosts by feeding on 
the host, killing it in the process. The life style of a parasitoid is intermediate between true 
parasites and predators, since parasitoids always kill the host they attack, like predators, 
while they require only one host to reach maturity, like many parasites (Godfray, 1994). 
Parasitoids are an important mortality source for many insect species. Hence selection on 
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the traits of resistance in the host can be strong (Kraaijeveld & Godfray, 1999). Once 
parasitized, the host must launch a successful immune response to kill the parasitoid in 
order to survive the attack. The interactions between host populations and their parasitoids 
can be highly variable among geographical regions, since abundance and virulence of 
parasitoids can vary, as well as the presence of other compatible host species. Moreover, 
costs and trade-offs are associated with the ability to launch a successful defense by the 
hosts (Kraaijeveld & Godfray, 1997; McKean & Nunney, 2001; Kraaijeveld et al., 2002; 
Schmid-Hempel, 2003, 2005; Siva-Jothy et al., 2005; Lazzaro et al., 2006; Mckean & 
Lazzaro, 2010).  
In this study we investigated the genetic basis of variation in host immunological 
resistance to parasitoid attack in the host-parasitoid system Drosophila melanogaster - 
Asobara tabida. Populations of D. melanogaster occur over a large geographic range, 
almost across the whole world. Different populations experience different regimes of 
selection pressures due to the local conditions and communities they encounter. 
Resistance of D. melanogaster against A. tabida is a heritable trait and it can be artificially 
selected for in the laboratory (Kraaijeveld & Godfray, 1997; Fellowes et al., 1998; Jalvingh 
et al., 2014). There is also large geographic variation in resistance of D. melanogaster 
against A. tabida (Kraaijeveld & van Alphen, 1995; Kraaijeveld & Godfray, 1999). We study 
this heritable variation in immunological resistance among populations of D. melanogaster 
to investigate how local adaptation has shaped the evolution of parasitoid resistance.  
 
1.3.1 The host: Drosophila melanogaster  
Drosophila has been used in evolutionary studies of natural populations for over a century. 
T. H. Morgan chose Drosophila for his studies of heredity in the early 1900s. He won the 
Nobel Prize for proving that chromosomes contain genes and play an important role in 
heredity. Furthermore, joined by his students A.H. Sturtevant, C.B. Bridges and H.J. Muller 
he discovered the existence of genetic recombination, i.e. the offspring carry different 
combinations of traits than either of the parents, and sex-linkage, i.e. 
the phenotypic expression of an allele is related to the chromosomal sex of the individual. 
These discoveries in Drosophila made this species an important model organism for genetic 
studies (Rubin & Lewis, 2000).   
It is believed that the genus Drosophila originated in Southeast Asia, 80-120 million 
years ago. The first major split of the genus into two subgenera, Sophophora and 
Drosophila, occurred in the Old World tropics approximately 50 million years ago. These 
two subgenera in turn split up into Old World and New World lineages (Powell, 1997). In 
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temperature and humidity. For D. melanogaster and D. simulans a minimum of about 11 
days (at 25°C) is required to go from egg to adult, which is the shortest developmental 
period known for any Drosophilid species. Once adults have eclosed they fly off looking for 
food and mates. Females need nourishment to develop eggs, while males need enough 
energy to find mates and court. Adults often feed on the same substrate in which larvae 
develop. Females store sperm in spermathecae and a single insemination can supply sperm 
for several days and several hundreds of eggs (Powell, 1997). Nevertheless, it has been 
shown that females tend to mate multiple times in both natural and laboratory populations 
(Ochando et al., 1996; Long et al., 2010). 
 
1.3.2 The parasitoid wasp: Asobara tabida 
A subset of Drosophila species can be host to the parasitoid wasp Asobara tabida (Figure 
1.4). These parasitoids are solitary wasps that lay eggs in the second instar of fruit fly 
larvae. The wasp eggs hatch just before the fly larvae initiate pupation. The wasp larvae 
then completely consume the developing fly inside the pupae. Although other parasitoids 
are known to use Drosophila species as hosts, the distribution of A. tabida over Europe is 
among the best studied. Asobara tabida mainly attacks hosts in substrates that are 
fermenting. It is common across most of Europe except for the Iberian peninsula 
(Kraaijeveld & Godfray, 1999). As will be described in further detail below, some Drosophila 
species, including D. melanogaster, have the ability to resist a parasitoid attack by 
encapsulating and killing off the parasitoid egg. Asobara tabida on the other hand, has a 
mechanism for avoiding host defenses by concealing their eggs from the hosts' immune 
responses, by adhesion to host tissue such as fat body (so-called “sticky eggs”) (Kraaijeveld 
& van Alphen, 1994). By doing so the fly larvae are not able to fully encapsulate the wasp 
egg, and the wasp larvae can emerge (Eslin et al., 1996).  
Geographic variation exists in both encapsulation ability of D. melanogaster of A. 
tabida eggs and parasitoid virulence of A. tabida (Figure 1.5, Kraaijeveld & Godfray, 1999). 
Kraaijeveld and Van Alphen (1994) surveyed the virulence of Asobara tabida across the 
whole of Europe and found that parasitoids from northern, western and central Europe 
have a low virulence, whereas parasitoids from the Mediterranean have a much higher 
virulence. The resistance of D. melanogaster against A. tabida showed a similar trend as the 
virulence of the parasitoid, resistance being strongest in central-southern Europe, but 
weaker in the north and southeast. The geographic cline of Asobara tabida virulence may 
be explained by the occurrence of another compatible host species in the northern parts of 
Europe, Drosophila subobscura. This species is completely deficient for encapsulation ability 
(Eslin & Doury, 2006; Havard et al., 2009), which might have relaxed the selection pressure 
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Figure 1.5: Geographic patterns across Europe in A) encapsulation ability of field populations of Drosophila 
melanogaster against Asobara tabida and B) virulence of field populations of A. tabida against D. melanogaster. 
The symbols represent different percentages of A) parasitoid eggs encapsulated when attacked by a test strain of 
parasitoid or B) parasitoid eggs escaping encapsulation in a test strain of host (Figures and legend reproduced 
from Kraaijeveld & Godfray, 1999). 
 Chapter 1 
20 
 
1.4 Immune system of D. melanogaster 
Drosophila melanogaster are exposed to a broad range of microorganisms, mainly since 
nutrition is derived from yeasts and bacteria decomposing organic material. These 
microorganisms form a pool of mutualists, commensals and potential pathogens (Tancrède, 
1992). These various groups interact with the host, among themselves, and with the 
environment, forming an extremely complicated system. Additionally, microbial 
communities live inside a host as well, and this is called the hosts’ microbiome. Although 
many bacteria that make up the microbiome are harmless, or even beneficial, some 
microbes can be harmful to the fruit fly. In addition to microbial pathogens, larger parasites 
can also infest Drosophila adults or larvae, such as nematodes and parasitoids. 
When behavioural and epithelial barriers have been overcome by pathogens, 
insects have to solely rely on their innate immune system against pathogens as they lack an 
acquired immune system. This innate system involves humoral and cellular defense 
mechanisms (Figure 4). For Drosophila melanogaster the humoral response comprises the 
synthesis and secretion of antimicrobial peptides (AMPs) and melanin that accumulate in 
the hemocoel (body cavity) where they oppose invading pathogens. The cellular 
component comprises immuno-competent cells, such as epithelial barriers and 
differentiated blood cells (hemocytes). Three main signal transduction pathways activate 
these humoral and cellular defenses: Toll, Imd and Jak/Stat. Signal transduction occurs 
when an extracellular signaling molecule activates a specific receptor that is located on the 
cell surface. The receptor triggers a biochemical chain of reactions inside the cell that will 
eventually end up in a response. This response can either be a change in gene expression, 
alteration of the cell’s metabolism, morphology and properties, or its propensity to divide. 
Induction by a signaling molecule can cause many different responses, since it is the first 
step in an extremely complex network of genes which are all involved in the signal 
transduction pathway (Lodish et al., 2000).  Activation of the Toll, Imd and Jak/Stat 
pathways in Drosophila usually occurs when a pathogen is recognized by humoral 
recognition molecules (Lemaitre & Hoffmann, 2007; Obbard et al., 2009). Although the 
insect immune system is considered to be somewhat indiscriminate, it does show 
specificity in the pathways that are activated in response to the specific type of pathogen 
recognized (Siva-Jothy et al., 2005; Lemaitre & Hoffmann, 2007; Obbard et al., 2009). The 
Toll and Imd pathway are activated when microbial ligands are being recognized. While Toll 
is triggered by gram-positive bacteria and fungi, Imd is activated by Gram-negative bacteria 
(Lemaitre & Hoffmann, 2007; Obbard et al., 2009). Toll and Jak/Stat are also involved in the 
cellular immune defenses (Meister, 2004). The precise role of the Jak/Stat and Toll 
pathways for the host defense of D. melanogaster is still not fully understood. It has been 
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shown that the Toll pathway is regulating circulating hemocyte numbers (Meister, 2004), 
and the Jak/Stat pathway can respond to tissue damage (Lemaitre & Hoffmann, 2007) and 
is involved in the stimulation of lamellocyte production (Meister, 2004). 
The body cavity of Drosophila is filled with hemolymph, which freely circulates in 
the insect’s body and contains blood cells (hemocytes). The cellular defense against 
parasitoids and some pathogens is mediated by the hemocytes. The several thousand 
hemocytes that float around in Drosophila larvae can be divided into three types of 
differentiated cells, each with a recognizable structure and a different function in pathogen 
defense: plasmatocytes, which function in the phagocytic removal of dead cells and 
microbial pathogens; crystal cells, which mediate melanization and lamellocytes that 
primarily function in encapsulation and neutralization of objects that are too large to be 
phagocytosed by the plasmatocytes (Figure 1.6). Wasp eggs, for instance, are too large to 
be removed by plasmatocytes. Lamellocytes, unlike plasmatocytes and crystal cells, are not 
found in embryos and adults. Furthermore, they are rarely observed in healthy larvae, but 
large numbers can be induced by the differentiation of hemocyte precursors upon infection 
with a parasitoid wasp egg (Lemaitre & Hoffmann, 2007).  
The development and formation of blood cells is called hematopoiesis and occurs 
in two phases, an embryonic phase and a larval phase. The embryonic phase gives rise to 
mature hemocytes (plasmatocytes and crystal cells), needed for the different larval stages. 
In the larval phase a population of undifferentiated hemocytes can undergo differentiation 
in the lymph gland. The lamellocytes, however, only differentiate in response to immune 
stimuli like parasitism. Lymph gland plasmatocytes do not enter circulation until 
metamorphosis, while crystal cells disappear at the onset of metamorphosis, under normal 
non-immune conditions. The lymph gland contains a large number of hemocyte 
progenitors that can differentiate into the three types of hemocytes described above. Both 
proliferation and differentiation of hemocytes progenitors can be modulated by 
developmental and immune stimuli. The number of circulating hemocytes progressively 
increases during Drosophila larval development (Eslin & Prévost, 1996). In adults, lymph 
glands are absent and no hemocyte proliferation is observed, leaving a uniform population 
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Lamellocytes and plasmatocytes form a capsule around the wasp egg while crystal cells are 
required for the melanization process, releasing components of the phenoloxidase cascade 
directly on the parasitoid egg and/or on the forming capsule (Figure 1.7). Only when the 
wasp egg is fully encapsulated and melanized, it can be sequestered and killed by cytotoxic 
processes (Nappi et al., 2000, 2009; Meister, 2004; Lemaitre & Hoffmann, 2007). Salazar-
Jaramillo et al., (2014) showed that the cellular immune defense, encapsulation, and the 
production of the specialized blood cells, lamellocytes, are restricted to a sub-lineage of 
Drosophila, the melanogaster subgroup, but that encapsulation is absent in one species of 
this sublineage, D. sechellia. Among various species of the melanogaster subgroup, the 
percentage of individuals that successfully completed the melanotic encapsulation of 
Asobara tabida eggs was strongly correlated to the average total hemocyte count in both 
unparasitized and parasitized larvae (Eslin & Prévost, 1998).  
Encapsulation of macro-parasites like parasitoids incurs costs for most resistance 
mechanisms. Apart from launching a response to infection, it is also costly to possess and 
maintain the resistance mechanism. Several studies showed that high resistance against 
parasitoids in D. melanogaster could be selected for (Kraaijeveld & Godfray, 1997; Fellowes 
et al., 1998; Jalvingh et al., 2014). Comparing the selected lines to control lines, the costs of 
possessing high resistance were studied, showing that high resistance is correlated with a 
reduction in competitive ability for food (Kraaijeveld & Godfray, 1997; Fellowes et al., 1998, 
1999a). This would imply that when infection by a parasitoid is rare, it might pay off not to 
invest in resistance mechanisms necessary to resist the parasitoid. So variation in rates of 
parasitism in combination with significant costs for maintaining an immune system could 
explain the maintenance of genetic variation in resistance. Kraaijeveld and Godfray (1999) 
showed that populations of D. melanogaster occurring in localities where parasitoid 
abundance is low and other host species are available (like D. subobscura, which lack the 
ability to encapsulate parasitoid eggs (Eslin & Doury, 2006; Havard et al., 2009) show a low 
ability of encapsulating parasitoid eggs of A. tabida (Figure 1.5A). 
 




Figure 1.7: a) An Asobara tabida egg that is being encapsulated. The parasitoid egg was dissected from a third 
instar D. melanogaster larva 72 hours after parasitization. b) Close-up of wasp egg’s chorion that is being 
encapsulated. Black arrow: wasp egg chorion; white arrow: wasp embryo; thin white arrow: hemocytes; white 
triangle: plasmatocyte; black triangle: lamellocyte; white star: melanization of the capsule/wasp egg. 
 
1.5 Genetics of encapsulation ability in D. melanogaster 
It has been long recognized that encapsulation ability in D. melanogaster differs between 
populations collected at different sites (Oprecht & Hadorn, 1952; Schlegel-Oprecht, 1953; 
Walker, 1959; Hadorn & Walker, 1960; Hadorn & Graßmann, 1962; Boulétreau & Fouillet, 
1982; Carton & Bouletreau, 1985; Wajnberg et al., 1985; Boulétreau, 1986; Carton & Nappi, 
1991). To reveal the genetic mechanisms that are involved in the cellular immune 
response, early studies focused on crossing populations or lines that differed in their ability 
to encapsulate eggs and then measure the resistance in the resulting F1. In her study, 
Walker (1959) found that immunity was dependent on a multiple-gene system that is partly 
dominant. Another early study proved that the variability in resistance of D. melanogaster 
against parasitoid wasps was partly genetically determined, by using isofemale lines derived 
from one population. Encapsulation ability of these isofemale lines was measured at two 
different generations to check whether it remained the same (Carton & Bouletreau, 1985). 
Later on, Poirie et al., (2000) made crosses between selected inbred resistant and 
susceptible strains (Carton et al., 1992) and tested the ability of the offspring to 
encapsulate eggs of L. boulardi. They found a single major segregating locus (Rlb, resistance 
to L. boulardi) with two alleles, resistant (Rlb
+
) and susceptible (Rlb
-
). This locus for 
resistance was located on chromosome 2R (Poirie et al., 2000). Since this locus did not 
segregate with the difference in resistance against A. tabida, they concluded that two 
independent immune gene systems exists, namely Rlb for L. boulardi and Rat for A. tabida 
a b
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(resistance to A. tabida). The later was found in a similar way as in the previous experiment, 
only now the offspring of the crosses between selected inbred resistant and susceptible 
strains were exposed to A. tabida. The Rat gene is also located on chromosome 2R, close to 
Rlb. These genes were re-named by Hita et al., (2006) to Rst(2)Lb (resistance to L. boulardi) 
and Rst(2)At (resistance to A. tabida).   
Now, with the availability of techniques for whole genome sequencing or whole 
genome expression studies, it has become clear that the phenotypic trait of encapsulation 
ability is made up of a complex network of genes (Wertheim et al., 2005, 2011; Schlenke et 
al., 2007; Jalvingh et al., 2014; Salazar-Jaramillo et al., 2014). Whole genome microarrays 
have been used to identify which genes in D. melanogaster changed expression upon 
infection with A. tabida, finding 159 genes with significantly changed expression (Wertheim 
et al., 2005). Furthermore, strains that were artificially selected for increased resistance 
against A. tabida, i.e. increased encapsulation ability, showed evolved changes in gene 
expression for nearly 900 genes (Wertheim et al., 2011). The genetic response was partly 
through the same genetic pathways as the immune response, although there was little 
overlap between the genes with changed expression in the two experiments (3.5%). This 
implies that different mechanisms are at work for maintaining the ability to resist a wasp 
attack and the actual resistance response triggered upon parasitization. Furthermore, 
different genes for parasitoid resistance might be involved in lines that differ in genetic 
background, due to the complex interaction between genotype and environment, but also 
the many different alleles that might make up the genotype (see 1.1.2, adaptation: 
adaptive landscape).  
Expression studies can indicate the network of gene interactions that are 
modulated by evolution, but have little power to identify loci under selection. For this we 
need to investigate the DNA level and study genomic sequences to unravel what genomic 
features are changed by the evolution of higher resistance in D. melanogaster. Whole-
genome sequencing has made it possible to investigate which genomic features comprise 
the heritable genomic variation that natural selection acts on when populations adapt 
rapidly to environmental challenges. Salazar-Jaramillo et al 2014, investigated the genomic 
changes associated with the evolution of cellular immunity in the Drosophila genus, 
specifically the encapsulation response against parasitoids. Eleven of the sequenced 
Drosophila species were used for a comparative genomic approach to search for 
differences in the genomes of the tested species that differed in their ability to encapsulate 
parasitoid eggs. The comparison revealed eleven novel genes, which were differentially 
expressed during the immune response to parasitoids in species that are part of the 
Drosophila sub-lineage and capable of lamellocyte mediated encapsulation. Five of these 
genes showed signatures of positive selection. 
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To assess how genetic variation in relevant genes changed during evolution within D. 
melanogaster, Jalvingh et al., (2014) combined an artificial selection approach with whole 
genome sequencing. The genome sequences of artificially selected D. melanogaster lines 
for higher parasitoid resistance were compared to genome sequences of control lines, 
taken from the same genetic background as the selected lines. Multiple regions carrying 
signatures of selection were found, suggesting that the selection process affected multiple 
targets in the genome. The study used selection and control lines all derived from a single 
genetic background. A large and unanswered question is whether a similar set of genes will 
have been affected by natural selection in natural populations of D. melanogaster.  
 
1.6 This thesis 
In this thesis, I study the variation in host resistance to parasitoid attack in natural 
populations, using Drosophila melanogaster - Asobara tabida as a host - parasitoid system. I 
investigate the genetic mechanisms that underlie the variation in immunological resistance 
against parasitoid attacks among natural populations of D. melanogaster. I first assessed 
phenotypic and genetic variation in parasitoid resistance, within and among natural 
populations of D. melanogaster. Then I aimed to associate the sequence variation in a 
subset of putative resistance loci with the immunological resistance against the parasitoid 
wasp A. tabida. The results of this thesis provide insight in how adaptive evolution shapes 
defensive traits that evolve in the antagonistic co-evolution between hosts and parasitoids. 
Furthermore, the results of this thesis suggest that the genetic basis for resistance differs 
among populations, depending on the environment in which the hosts and parasites 
interact and the genetic background from which the individuals were derived. Apart from 
the role of genetic variation in the ability to resist parasitoid attack, we also consider the 
effect of the microbiome of D. melanogaster on parasitoid resistance.  
Chapter 2 consists of a phenotypic characterization of the encapsulation response 
of field lines collected from natural populations of D. melanogaster in Europe. In this study, 
I characterized the association between the ability to encapsulate parasitoid eggs and 
hemocyte load in the hemolymph in the sampled field lines of D. melanogaster. First I 
assessed the variation by screening 24 field lines on their ability to encapsulate A. tabida 
eggs, and found substantial differences. A subset of 8 lines was selected to quantify the 
hemocyte load and to correlate it to individual encapsulation ability. I found substantially 
different patterns within the D. melanogaster species than were found for between-species 
comparisons of Eslin and Prévost (1998). These results indicate that the natural variation 
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within D. melanogaster in immune function may depend on optimized ratios between the 
different hemocyte types. 
To describe the genetic differentiation among the sampled field lines and to 
associate genetic variation to the variation in resistance as found in chapter 2, I quantified 
sequence variation in microsatellite loci and candidate genes for parasitoid resistance in 
chapter 3. The candidate genes were selected from a genome wide high-throughput 
sequencing study on artificially selected D. melanogaster lines for increased parasitoid 
resistance (Jalvingh et al., 2014). In this chapter, I screened various polymorphic sites for 
signatures of being under adaptive selection in the field lines. For a subset of polymorphic 
sites I investigated whether the genotypes of these SNPs could be directly associated to 
parasitoid resistance in the D. melanogaster field lines. I genotyped these SNPs in 
individually phenotyped D. melanogaster larvae from the field lines to test if we could 
associate the variation in resistance to specific alleles. 
In chapter 4, I focus on one particular candidate gene for parasitoid resistance, 
Tep1. This immune receptor gene was shown to be evolving fast in a comparative approach 
across Drosophila species and the expression of Tep1 was correlated to the level of 
resistance of the tested species (Salazar-Jaramillo et al., 2014). In this chapter I quantify 
sequence variation of Tep1 in D. melanogaster field lines and compare this to sequence 
variation in four other immune receptors. I measured the expression of Tep1 in the field 
lines at different time-points after parasitization, to investigate whether expression 
differences can be associated to the level of resistance of the lines. To explore the function 
of Tep1 in the immune response against parasitoids, we used an RNAi approach to knock 
down Tep1 expression, which is described in Box 1.  
In chapter 5 I shift focus from genetic variation to variation in microbiomes of the 
D. melanogaster field lines and its potential influence on parasitoid resistance. Here we 
characterized the composition and diversity of bacterial communities in the field lines, 
using sequencing and cloning techniques. To quantify the abundance of bacteria and in 
particular Wolbachia we used qPCR. We subjected the field lines to a broad-spectrum 
antibiotic treatment to disturb their indigenous microbiota, and tested whether this 
affected their resistance to A. tabida. We attempted to identify candidate bacterial taxa 
likely to be responsible for the observed effects on host resistance to parasitoids. 
Finally, in chapter 6, I discuss the results from my study on variation in parasitoid 
resistance in natural populations of D. melanogaster. I discuss how the insights gained from 
the different studies contribute to our understanding on how genetic variation can explain 
the phenotypic variation in parasitoid resistance in natural populations of D. melanogaster 
and how the bacterial composition of the microbiome may influence resistance against 
parasitoid wasps.  
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Abstract 
As a measure of parasitoid resistance, hemocyte load and encapsulation ability were 
measured in lines collected from natural populations of Drosophila melanogaster in Europe. 
Results show large geographic variation in resistance against the parasitoid wasp Asobara 
tabida among the field lines, but there was no clear correlation between resistance and 
total hemocyte load, neither before nor after parasitization. This was in contrast to the 
patterns that had been found in a comparison among species of Drosophila, where total 
hemocyte counts were positively correlated to encapsulation rates. This suggests that the 
mechanisms underlying between-species variation in parasitoid resistance do not extend to 
the natural variation that exists within a species. Although hemocyte counts did not 
correspond to encapsulation ability within D. melanogaster, the ratios of lamellocytes and 
crystal cells were very similar in lines with successful encapsulation responses. Apart from 
variation in the hemocytic response of the different hemocyte types, within-species 
variation was also observed for accurate targeting of the foreign body by the hemocytes. 
These results are discussed in the context of possible causes of variation in immune 
functions among natural populations. 
 
2.1  Introduction 
Most multicellular organisms are host to a large diversity of parasites, but species and 
populations differ largely in their immune responses against these challenges (Rolff & Siva-




the hosts, and local variation in parasite communities as well as other ecological conditions 
can lead to geographical variation in selection pressures (Schulenburg et al., 2009). 
Parasitoids are insects that use other insects as hosts to lay their eggs, and the developing 
parasitoid larvae kill their hosts. These parasites are a major source of mortality for many 
insect species, which has led to strong selection pressures on host resistance traits (Strand 
& Pech, 1995). Host-parasitoid interactions also vary among geographical regions, because 
of variation in abundance and virulence of parasitoids, as well as the presence of other 
available host species (Kraaijeveld & Godfray, 1999). The costs associated with mounting a 
defense response or maintaining defensive abilities may lead to reduced fecundity, body 
size, survival or competitive ability (Kraaijeveld et al., 2002). These life history trade-offs can 
also contribute to variation in host immunity among local populations and species. 
For immunological resistance, insects rely solely on their innate immune system, 
which consists of a humoral and a cellular component that act together in response to 
invading organisms like viruses, bacteria, fungi and parasitoid wasps. The humoral response 
comprises the synthesis and secretion of effector proteins like antimicrobial peptides 
(AMPs) (Meister & Lagueux, 2003) and melanin that oppose invading pathogens (Muta & 
Iwanaga, 1996; Lemaitre & Hoffmann, 2007). The cellular component comprises immuno-
competent cells, such as epithelial barriers and differentiated blood cells (hemocytes). The 
hemocytes circulate freely in the body cavity (hemocoel), and differentiate into cell types 
with a recognizable structure and different function in pathogen defense. Although insect 
species differ in immunological defenses, and even in the types of hemocytes they possess, 
all hemocyte-mediated defense responses against parasitoids involve the recognition of the 
foreign body and the subsequent activation or differentiation of one or more types of 
hemocytes to launch a particular effector response (Lavine & Strand, 2002). 
Drosophila melanogaster is one of the best model systems to study cellular 
immune responses (Evans et al., 2003; Williams, 2007; Rolff & Reynolds, 2009). They 
possess three types of hemocytes: i) plasmatocytes, that function in the phagocytic 
removal of dead cells and microbial pathogens, and could play an important role in the 
detection of intruders (Russo et al., 1996; Siva-Jothy et al., 2005; Lemaitre & Hoffmann, 
2007) ii) lamellocytes, that primarily function in encapsulation and sequestering of objects 
that are too large for phagocytosis by the plasmatocytes and iii) crystal cells, that contain 
phenoloxidase precursors and mediate melanization and wound healing (Rizki et al., 1985; 
Lemaitre & Hoffmann, 2007). Drosophila evolved a cellular immune response to parasitoids 
that consists of a melanotic encapsulation, in which all three hemocyte types are involved 
(Strand & Pech, 1995). The exact mechanism by which the wasp egg is recognized by the 
immune system of D. melanogaster is not known. It has been suggested that it is detected 
by circulating plasmatocytes that respond to the absence of a protein in intruders that is 
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present in their own basement membrane, while also non-cellular pattern recognition 
proteins may be involved (Lavine & Strand, 2002). Once the wasp egg is detected, 
plasmatocytes attack the egg’s chorion, thereby releasing unknown molecules (probably 
cytokines (Clark et al., 1997)) that stimulate the lymph gland to release more plasmatocytes 
and to induce lamellocyte differentiation (Jung et al., 2005). Lamellocytes target the foreign 
body and form, together with plasmatocytes, a multilayered capsule around the wasp egg 
through cell-cell adhesion (Lavine & Strand, 2002). Crystal cells are required for the 
melanization process, releasing components of the phenoloxidase cascade directly on the 
parasitoid egg and/or on the forming capsule. Only when the wasp egg is fully encapsulated 
and melanized, it can be sequestered and killed by cytotoxic processes (Nappi et al., 2000, 
2009; Meister & Lagueux, 2003). 
Not all Drosophila species are equally good in completing the full encapsulation 
and melanization before the parasitoid egg hatches. Among various Drosophila species of 
the melanogaster subgroup the percentage of individuals that successfully completed the 
melanotic encapsulation of Asobara tabida eggs was strongly correlated to the average 
total hemocyte count in both unparasitized and parasitized larvae (Eslin & Prévost, 1998). 
From their results, Eslin and Prévost (1998; 1996) concluded that two conditions are 
required for successful encapsulation of A. tabida eggs, namely a recognition mechanism to 
trigger the cellular response in the presence of the parasitoid and a critical threshold of 
hemocyte load in the hemolymph of parasitized hosts. Lamellocytes appear to be 
necessary, since Drosophila species lacking this hemocyte type were unable to form 
capsules around parasitoid eggs (Eslin & Doury, 2006; Havard et al., 2009), although a 
different hemocyte type was identified in some species that may play a similar role (Havard 
et al., 2009, 2012). The critical hemocyte load can be reached by either synthesizing cells de 
novo or by maintaining a high constitutional load. A high plasmatocyte load might also 
more efficiently recognize the invading organism to trigger the immune response (Lemaitre 
& Hoffmann, 2007; Havard et al., 2009). Both could explain why Drosophila species with 
higher hemocyte loads are more likely to successfully encapsulate A. tabida.  
Since hemocyte load seems to be such an important factor, at least among 
species, we investigated the relation between hemocyte load and natural variation in 
parasitoid resistance within one species of Drosophila. Natural populations of D. 
melanogaster show a variation in their ability to encapsulate A. tabida eggs that is equally 
large as that among the different Drosophila species (Kraaijeveld & van Alphen, 1995). 
Previous comparisons of iso-female lines and experiments using artificial selection both 
showed a substantial genetic basis for the variation in this trait in D. melanogaster (e.g. 
Carton & Bouletreau, 1985; Carton & Nappi, 1991; Kraaijeveld & Godfray, 1997; Fellowes et 




response in an ecological context, we tested the relationship between hemocyte load of 
field lines collected from natural populations of D. melanogaster in Europe and their 
encapsulation ability. First we assessed the variation by screening 24 field lines on their 
ability to encapsulate A. tabida eggs, and found substantial differences. A subset of 8 lines 
was selected to quantify the hemocyte load and to correlate it to individual encapsulation 
ability. We found substantially different patterns within the D. melanogaster species than 
were found for the between-species comparisons of Eslin and Prévost (1998). Our results 
indicate that the natural variation within D. melanogaster in immune function may depend 
on optimized ratios between the different hemocyte types. 
 
 
2.2 Materials & methods 
2.2.1 Insects 
Drosophila melanogaster field lines    In the summer of 2009, D. melanogaster flies were 
collected from natural populations along a latitudinal cline in Europe, ranging from Scotland 
to Southern France. In total 24 field lines were established in the lab, either from sampled 
populations or from iso-female lines sent by colleagues in Europe (Table 2.1). Adult female 
flies (minimally 5, but typically at least 10) were captured in traps that were placed at 
strategic places where D. melanogaster might occur (vineyards, fruit trees, garbage bins) 
from approximately 4 pm until 11 am. Traps consisted of plastic water bottles (0.5L) 
containing banana and dry yeast as bait. Females were collected from the traps, and 
subsequently kept in small groups on agar medium with dry yeast. Female species was 
determined based on the genital structure of their male offspring (Ashburner et al., 2005). 
After culturing the females for one generation as iso-female lines, mass cultures were 
started per locality in which ~2000 offspring of the iso-female lines were mixed and 
distributed over 10 quarter-pint bottles containing 30 mL standard medium (26g 
inactivated yeast, 54g sugar, 17g agar and 13 ml nipagin 8.5 mM solution, solved in 1 liter) 
and reared at 20 °C and 12h:12h dark:light regime. Larval density was standardized every 
generation for all field lines to avoid competition through overcrowding. Foundress 
numbers per locality are low, and these field lines do not necessarily fully reflect the natural 
populations from which they were sampled. However, because we were primarily 
interested in sampling large natural genetic variation, rather than geographic origin of 
populations, these field lines served their purpose well. From the 24 lines that were 
screened for genetic variation in encapsulation rate in population level assays (see section 
2.2.2), a subset of 8 field lines was selected (Table 2.1), for further analyses in individual 
 Natural variation in differentiated hemocytes 
33 
 
level assays (see section 2.2.3). These 8 lines reflected the variation in encapsulation rate 
found among all the field lines.  
 
 
Table 2.1: Collection sites and foundress numbers of the Drosophila melanogaster field lines. The eight 
underscored lines represent the subset that was used for the individual level phenotyping. Iso-female lines (IF) 




Parasitoids    Two Asobara tabida strains were used in the parasitization experiments, both 
reared at 20 °C and 12h:12h dark:light regime. The SOS strain was used for the population 
level test on encapsulation ability of all the field lines (section 2.2.2) and was reared in the 
laboratory on D. subobscura (which lacks the ability to encapsulate wasp eggs (Eslin & 
Doury, 2006; Havard et al., 2009). The TMS line (an inbred line established from SOS in 
2010) was used for the individual level assays (section 2.2.3) and was reared on a low-
resistant host line of D. melanogaster. The SOS strain has substantial genetic variability, and 
shows some variation in virulence. Selecting this strain for our population assay ensured 
that our screening results would not be based on a single parasitoid genotype, which could 
be prone to spurious artifacts, strong local adaptation or gene-for-gene relationships. The 
Name Collection site # Foundresses
ARL Arles, France 6
ASS Assen, Netherlands 11
AVI Avignon, France 12 IF
BAY Bayreuth, Germany 22
BEA Beaune, France 9
BER Berlin, Germany 7
BRE Bremen, Germany 25
CHA La Chapelle, France < 5
GOTH Gotheron, France 19 (12)IF
GRO Groningen, Netherlands ~ 60
HUM Hummeltal, Germany 74
IGÉ Igé, France 12 IF
INN Innsbruck, Austria 35
KAL Kaltern am See, Italy 29
MÜN München, Germany 6
OUD Oudeschoot, Netherlands ~100
PAR Paris, France 27
SFL Sainte Foy les Lyon (suburb of Lyon), France 12 IF
STA St Andrews, Scotland ~ 50
TOU Tournon sur Rhone/l'Hermitage, France 12
UCH Uchizy, France 12 IF
VILL Villette de Vienne, France 12 IF
VLIE Vlieland, Netherlands 16




genetic homogeneity in the TMS strain, however, allowed for lower variance while 
establishing the relationships between hemocyte counts and encapsulation responses in 
the individual-level dissection experiments.  The two wasp lines differed slightly in 
virulence: the SOS strain has intermediate virulence compared to other strains in our 
laboratory (personal observation), while TMS is more virulent. The virulence mechanism of 
A. tabida is the production of “sticky eggs” that become rapidly attached to the host tissue 
and are then inaccessible for full encapsulation by the hemocytes (Monconduit & Prévost, 
1994). Since this virulence mechanism is evasive (i.e., avoiding encapsulation, rather than 
obstructing or blocking encapsulation by affecting the production or lysis of hemocytes), 
we could use reasonably virulent wasp strains to optimize the resolution or power in 
distinguishing differences in encapsulation rate among strains, while retaining the ability to 
associate it to hemocyte counts.  Differences between the host lines can become 
undetectable when using a completely avirulent wasp line (Kraaijeveld & Godfray, 1999). 
 
2.2.2 Population level encapsulation rate  
The encapsulation rate was tested for all 24 field lines. For each line, one SOS wasp was 
introduced to 50 second instar larvae for 24 hours, after which the wasp was removed and 
the larvae developed to adulthood (ten replicates per line). Both emerging wasps and flies 
were counted, and flies were collected and inspected for encapsulated eggs under a 
stereo-microscope. The encapsulation rate (ER%) was defined as the percentage of adult 
flies carrying a capsule (c, indicating successful encapsulation) of the total parasitized 
individuals (p). Individuals that were parasitized (p) were estimated as the sum of adult flies 
carrying an encapsulated egg (c) and the number of emerged wasps (w, indicating no or 
unsuccessful encapsulation). In formula: ER% = c / (c + w) * 100 = c / p * 100. 
 
2.2.3 Individual level phenotyping 
In our further analysis we wanted to associate hemocyte counts directly to individual 
encapsulation ability. Based on the results of the population level encapsulation 
experiment (section 2.2.2), a subset of 8 field lines was selected for further individual level 
phenotyping, including hemocyte counts and more detailed measurements on 
encapsulation. For each of the 8 lines, eggs were collected within 1 hour of oviposition at 
25 °C, to ensure that all larvae were in the same developmental stage. Thereafter all eggs 
and larvae were kept at 20 °C in groups of 30 individuals per petridish (diameter: 55 mm), 
containing standard medium and some live yeast. Four days after oviposition of the eggs, a 
wasp of the TMS line was introduced to the second instar D. melanogaster larvae. The 
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oviposition behavior of the wasps was observed, and only larvae that were parasitized were 
collected for further development. Based on previous observations, ovipositions that lasted 
at least 10 seconds were assumed to be successful (van Alphen & Drijver, 1982). Wasps 
were replaced by a new wasp after they successfully parasitized 5 larvae, and the total 
period of oviposition per line was approximately 2 hours to minimize variation in growth. 
Control groups were collected per line, consisting of a similar number of larvae that were 
handled in parallel and kept under the same conditions, except that no wasp was 
introduced. 
 
Hemocyte counts    Hemolymph was collected from both parasitized and control larvae in 
the third instar developmental stage (96h post-parasitization). Larvae were thoroughly 
rinsed with Drosophila Ringer’s solution (recipe from Cold Spring Harbor Protocol, 2007) to 
remove external yeast cells. Using a fine needle (insect pin, diameter = 0.10 mm), the larva 
was pricked on the right posterior dorsal end to avoid the lymph glands. The hemolymph 
(approximately 0.2 µl per larva) was collected for each individual larva, diluted 40 times in 8 
µl Ringer’s solution with 0.5% Giemsa solution (KaryoMAX® Giemsa Stain Stock Solution) to 
stain the blood cells, applied on a Neubauer Improved hemocytometer slide (0.1 mm 
depth) and immediately counted using a phase-contrast microscope (10x40 magnification). 
Hemocyte counts were expressed as the number of cells per mm
3
 of hemolymph.  Cells 
could be distinguished based on their physical appearance and categorized into 
plasmatocytes, lamellocytes and crystal cells. Although prohemocytes were present, they 
were not counted, because their appearance can hardly be distinguished from that of the 
remnants of yeast cells, which were unavoidably present in the samples. Hemocyte counts 
were performed on a total of 70 individual larvae per line, typically 30 for the control group 
and 40 for the parasitized group. 
 
Individual level encapsulation ability    After bleeding the parasitized larvae, they were 
immediately dissected to assess the presence of a wasp egg and to score the percentage of 
melanization around the egg. All samples that contained a wasp egg that was not 
completely melanized were considered as unsuccessful encapsulation; all the samples with 
a complete capsule were considered as successful encapsulation. During dissections it 
became apparent, despite our observations, that not all larvae contained a wasp egg. These 
individuals were categorized as a separate group and not included in the statistical analysis 
as they may include occasional observation errors. We did, however, do some separate 
analyzes on the hemocyte counts of this group. Compared to the population level assay 
(described in section 2.2.2), the individual-level assays on the subset of field lines used a 




hosts that had a 24h continuous exposure to parasitoids; measuring encapsulation ability 
by scoring the degree of melanization around the parasitoid egg 96h after parasitization 
versus scoring the outcome after completed development), used a different wasp strain 
(differing in virulence as described above), suffered from substantially lower mortality in 
parasitized hosts (due to its earlier measurement and avoidance of multiple parasitization 
events) and excluded all cases of superparasitation (i.e., multiple parasitoid eggs in a single 
host). These differences preclude quantitative comparisons of encapsulation rates between 
the individual-level assay and the population-level assay. 
 
2.2.4 Statistical analyzes 
We used a Generalized Linear Model (glm) approach implemented in R 2.13.0 (R 
Development Core Team, 2011) to analyze the data. We had to correct for overdispersion 
for most of the models. To judge the statistical significance of explanatory factors (in these 
non-orthogonal experiments with unequal samples sizes), we removed the explanatory 
variables one by one from the maximal model and used F-tests for comparisons to the full 
model, except for binary response variables, which were analyzed with Chi-square tests 
(Crawley, 2007).  
In order to compare encapsulation rate among the 24 field lines (section 2.2.2), 
the per replica data on the number of emerged adult flies with capsule (c) and the number 
of emerged wasps (w) were combined in a two-vector response variable (Ratio c:w). To test 
for differences in this ratio among the field lines, we analyzed the significance of Line as 
explanatory variable (Table 2.2, model #1). To compare the encapsulation abilities among 
the subset of 8 field lines in the dissection experiment (section 2.2.3), we defined a binary 
response variable ERsuccess, where ERsuccess=1 was assigned to individuals that were able to 
fully encapsulate the wasp egg, whereas ERsuccess=0 specified the individuals that were not 
able to fully encapsulate the wasp egg. Again, we tested for differences among the field 
lines by analyzing Line as explanatory variable (Table 2.2, model #2).  
The Hemocyte counts (as response variable) were compared among the field lines 
(Line) and in response to parasitization (Treatment), using a two-way model. Hemocyte 
counts were separately analyzed for total hemocyte count (THC), plasmatocyte count, 
lamellocyte count or the crystal cell count (Table 2.2, model #3). To analyze whether the 
hemocyte counts differed between the larvae that were successful and unsuccessful in 
encapsulation, we included ERsuccess as a factor to the explanatory variables for the 
parasitized larvae (Table 2.2, model #4).  
To relate individual encapsulation ability to the individual hemocyte counts, we 
tested for a relationship between the binary ERsuccess as response variable, and the counts of 
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the three hemocyte types (Plasmatocytes count, Lamellocytes count and Crystal cells count) 
and field lines (Line) as explanatory variables (Table 2.2, model #5). This model resembles a 
logistic regression model that analyzes whether increasing hemocyte counts are associated 
with increasing success rates in encapsulation, and whether such relationships were similar 
among the lines. 
To test whether the relative proportions of the specialized hemocyte types were 
similar among lines, we compared Hemocyte proportion (as response variable) among the 
lines (Line as explanatory variable) and in response to parasitization (Treatment as 
explanatory variable) in two-way models. Hemocyte proportions were analyzed for the 
proportion plasmatocytes to THC, proportion lamellocytes to THC, proportion crystal cells 
to THC, or the ratio lamellocytes to crystal cells (Table 2.2, model #6). 
 
 
Table 2.2: Generalized Linear Models used to analyze the data. To correct for overdispersion, we used a 
quasibinomial or quasipoisson distribution, and used F-statistics to test the explanatory variables of the models. 







Model # Response variable Explanatory variable(s) Distribution
1 Ratio c:w Line quasibinomial
2 ER_success Line binomial
3 Hemocyte count Line quasipoisson
Treatment
Line : Treatment
4 Hemocyte count Line quasipoisson
ER_success
Line : ER_success
5 ER_success Plasmatocyte count (P) binomial
Lamellocyte count (L)
Crystal cell count (C)
Line
P : L : C : Line







2.3.1 Population level encapsulation rate 
All field lines were tested for encapsulation rate by scoring the number of emerged flies 
with a capsule (successful encapsulation, c) and the number of emerged wasps 
(unsuccessful encapsulation, w). The field lines differed significantly in encapsulation rate, 
ranging from 11 to 93% (glm, F23=6.64, p<0.001) (Figure 2.1). The encapsulation rates of 
the field lines showed a geographic mosaic with the highest rates of encapsulation for field 
lines from Southern Europe, and the lowest rates for field lines from Northern Europe. 
 
2.3.2 Individual encapsulation ability 
For a subset of 8 field lines (see underscored lines in Table 2.1), individual encapsulation 
abilities were recorded by dissecting larvae 96h after parasitization. For each individual 
larva we estimated the percentage of the wasp egg surface that was melanized (“specific 
melanization”) and whether melanization occurred elsewhere in the fly body (“unspecific 
melanization”). The percentage of individuals with a fully melanized capsule around the 
wasp egg differed significantly among lines, ranging from 3 to 46% (Х7=38.59, 
p<0.001)(Table 2.3). Again, field lines sampled from Northern European populations 
showed lower encapsulation rates than Southern European lines. 
Table 3 summarizes the percentage of individuals with any melanization on the 
wasp egg (% indiv. with spec. melanization), the percentage of individuals with unspecific 
melanization (% indiv. with unspec. melanization) and the percentage melanization around 
the wasp egg, which was categorized into 5 groups (see Table 2.3 for details). Lines with a 
high percentage of individuals with successful encapsulation typically showed a larger 
percentage of individuals with specific melanization, but also a larger percentage of 
individuals with unspecific melanization. In the low resistance lines, BAY seemed to be 
extremely unspecific with melanization, while STA seemed to initiate, but not complete, the 





Figure 2.1: Population level encapsulation ability of the 24 
Colors represent different















lines. Hemolymph was collected for hemocyte counts per individual and parasitized larvae were subsequently 
dissected to derive the percentage of the 
melanized wasp egg (% indiv. with successful encapsulation), with any melanization around the egg (% indiv. with 
spec. melanization) and with melanization elsewhere in the larval body (% indiv. with unspec.
shown per line. The percentage of the wasp egg that was melanized was categorized in none: 0%, low: 1
medium: 26
Hemocyte Count (THC), 
for parasitized larvae that were either successful or unsuccessful in encapsulating the 




: Individual level phenotyping of third instar larvae of eight 
 levels of the encapsulation rate, measured as the percentage of larvae that successfully 
-99%, full: 100%, and depicted in pie charts. Mean values ± standard error of Total 
and counts of plasmatocytes, lamellocytes and crystal cells are given for control larvae and 
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ected for each treatment group.
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2.3.3 Hemocyte counts  
Hemocyte counts for all three hemocyte types differed significantly among the eight field 
lines for both the control and parasitized larvae (plasmatocytes: F7=14.8, p<0.001; 
lamellocytes: F7=5.8, p<0.001; crystal cells: F7=6.82, p<0.001) (Figure 2.2). All lines 
increased the Total Hemocyte Counts (THC) similarly in response to parasitization 
(Treatment: F1=136.3, p<0.001, interaction term not significant) (Figure 2.2a). More 
specifically, parasitization had a significant effect on the numbers of plasmatocytes 
(F1=90.8, p<0.001) (Figure 2.2b) and lamellocytes (F1=119.7, p<0.001) (Figure 2.2c), both 
significantly increasing in the parasitized larvae compared to the control group. For crystal 
cells, however, the hemocyte count only increased in a subset of the lines, which is 
reflected in a significant interaction term (F7=2.13, p=0.040). Only the three most resistant 
lines (KAL, ARL and GOTH) and one intermediate line (INN) showed a clear increase in 
crystal cells after parasitization (Figure 2.2d).  
Among the parasitized larvae, individuals that successfully encapsulated the wasp 
egg had a significant lower number of plasmatocytes and THC compared to unsuccessful 
individuals (THC: F1=6.48, p=0.012; plasmatocytes: F1=5.05, p=0.026), and a similar trend 
existed for the numbers of lamellocytes (F1=3.34, p=0.069). This may suggest that 
circulating hemocytes are incorporated in the capsule and that successful individuals are 
more strongly depleting their hemocyte load while targeting the wasp egg for 
encapsulation.  
In the parasitized larvae in which no parasitoid egg was found (stung, non-
parasitized larvae; excluded from the main analysis), we observed an increase in hemocyte 
counts similar to the increase observed in the parasitized larvae (Supplementary Table 2.1), 
suggesting that the immune response may be triggered by the stinging event rather than 
the presence of a parasitoid egg. Especially in the most resistant lines, the hemocyte counts 
in these stung, non-parasitized larvae sometimes even exceeded the counts for the 
parasitized larvae, indicating that indeed part of the hemocytes are taken out of circulation 





Figure 2.2: Total Hemocyte Counts, plasmatocyte counts, lamell
and parasitized (P) larvae of the 
Colors indicate the degree of resistance (see Table 2.3): dotted blue lines: low resistance
lines: medium resistance (10
2.3.4
We tested whether encapsulation ability was related to the hemocyte counts, taking the
three hemocyte types and their interactions as factors (plasmatocytes, lamellocytes and 
crystal cells), and whether such relations differed per line. The minimal adequate model 
contained several interaction terms including crystal cells:line (p<0.001) and
lamellocytes:plasmatocytes:line (p<0.001). This signifies that encapsulation success rate is 
related to all three hemocyte types and their ratios. However, the significant line effect 
implies that the actual numbers of hemocytes required for a successful 
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2.3.5 Relative proportions of specialized hemocyte types 
To further explore the importance of the ratios between hemocyte types we compared the 
relative proportions of the specialized hemocytes among field lines. We calculated the 
proportions for each hemocyte type of the THC in both control and parasitized larvae. The 
interactions between line and treatment were significant for both lamellocyte and crystal 
cell proportions (lamellocytes: F7=4.9, p<0.001; crystal cells, F7=2.3, p=0.025), meaning that 
the field lines differed in the percentage of lamellocytes and crystal cells they produced in 
response to parasitization (Figure 2.3a-b). The proportion plasmatocytes of the THC 
decreased correspondingly after parasitization (F1=78.22, p<0.001) and differed among 
lines (F7=11.72, p<0.001).  
We grouped the field lines into three different categories based on their 
encapsulation ability to test if the proportion of specialized blood cells could be associated 
to low, medium and high encapsulation ability: i) Low: Bayreuth, Germany (BAY, 3.7%) and 
St. Andrews, Scotland (STA, 3.3%); ii) Intermediate: Groningen, the Netherlands (GRO, 
15.6%), Bremen, Germany (BRE, 25.9%) and Innsbruck, Austria (INN, 27.3%); iii) High:  
Kaltern am See, North-Italy (KAL, 44.4%), Arles, South-France (ARL, 45.5%) and Gotheron, 
South-France (GOTH, 46.4%). This model did not explain the data as well as the model 
where field lines where taken individually (plasmatocytes: F10=10.91, p<0.001; lamellocytes: 
F10=7.9, p<0.001; crystal cells: F10=2.4, p=0.009), implying that the field lines did not 
converge to a categorical correlation of encapsulation ability to relative proportions of 
specialized hemocyte types. 
We also calculated the ratio of lamellocytes to crystal cells, because both 
hemocyte types are needed for a successful encapsulation. A significant interactions term 
for Line and Treatment (F7=2.84, p=0.007) reflected the dichotomy in response in crystal 
cells after parasitization: 4 lines did not increase the crystal cells while increasing the 
lamellocytes, and 4 lines increased both crystal cells and lamellocytes (Figure 2.3c).  
The 4 lines that increased their crystal cell numbers after parasitization (GOTH, 
ARL, KAL and INN), were analyzed separately to test if they responded similarly to 
parasitization. For these 4 lines we no longer found a significant interaction term (F2=0.97, 
p=0.407). Furthermore, the four lines did not differ in their lamellocyte to crystal cell ratio 
(F3=0.58, p=0.627) and ratios did not differ between control and parasitized larvae (F1=0.92, 
p=0.339), indicating that the high resistant lines and INN seemed to increase both 
lamellocytes and crystal cells in very similar proportions after parasitization. In these 4 
lines, 75-85% of the differentiated hemocytes (i.e., the lamellocytes and crystal cells) in the 




significantly different from the percentage of lamellocytes among the differentiated 
hemocyt
Figure 2.3: Relative proportions of differentiated hemocytes among field lines. a) Proportion of lamellocytes to 
Total Hemocyte Count (THC) and b) proportion crystal cells to THC for the control (unparasitized) larvae (black 
bars) and the parasitized larvae (grey bars). c) The ratio lamellocyte count to crystal cell count is shown for the 
control larvae (closed circles) and the parasitized larvae (open circles). The connection lines visualize the 
hemocytic response of the line
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resistance against A. tabida (Kraaijeveld & Godfray, 1999) persisted for over a decade, 
suggesting locally fixed optima of resistance in D. melanogaster which might be linked to 
the local risk of mortality from parasitoids and other selection pressures. In the present 
study, we extended these observations to the mechanisms that underlie this variation in 
parasitoid resistance among field lines of D. melanogaster, with emphasis on the 
importance of hemocyte load. 
Several studies on Lepidoptera and Drosophila species have reported that immune 
resistance against foreign bodies is associated with a high hemocyte load (Lavine & Strand 
2002; Eslin & Prévost, 1998; Eslin & Prévost, 1996; Kraaijeveld et al., 2001). Eslin and 
Prévost (1998) found a strong correlation among Drosophila species between the ability to 
encapsulate A. tabida eggs and the Total Hemocyte Counts (THC) in the hemolymph. They 
found that the more resistant species had higher hemocyte loads before parasitization, and 
the hemocyte loads increased more strongly in response to parasitization (Eslin & Prévost, 
1996). Our results, however, showed that THC did not correlate well to resistance within D. 
melanogaster, neither before nor after parasitization. The THC differed among the lines, 
but not consistently in relation to resistance levels. Also, none of the lines differed in the 
rate of increase in THC after parasitization. Apparently, the between-species correlation of 
THC with parasitoid resistance does not extend to the natural variation that exists within a 
species.   
Although THC did not correspond to encapsulation ability, a different pattern 
emerged when considering the three hemocytes types separately. Our results indicated 
that after parasitization, levels of all three types of hemocytes had to increase sufficiently 
to elicit a successful encapsulation. Moreover, the ratio lamellocytes to crystal cells seems 
to be of particular importance for a successful defense against parasitism. Even though 
absolute numbers of lamellocytes and crystal cells differed among the high resistant lines, 
the proportional increase of these two blood cell types was very similar, suggesting that not 
only a minimum hemocyte load is required for encapsulation, but that ratios between the 
different hemocytes need to be optimized for a successful response. The ratio that we 
measured in our experiments approximated 3-6 times as many lamellocytes as crystal cells, 
although such ratios are likely to be slightly dependent on the exact setup of the 
experimental assays and cell counts. Nonetheless, our data suggests that such a ratio not 
only needs to be present before parasitization but needs to be maintained through the 
defensive response to establish successfully encapsulation. We could hypothesize that the 
melanotic encapsulation may therefore be considered a continuous and integrated process 
of adding melanin and lamellocytes to the capsule, to form a solid and cytotoxic 
encasement around the parasitoid egg. The immune response to overcome parasitoid 




foreign body, concerted proliferation and differentiation of the three types of hemocytes, 
targeting of the wasp egg by the blood cells to form a multilayered cellular capsule and the 
subsequent melanization of that capsule. In order to be successful, all the steps in this 
immunological cascade following parasitization need to be functioning well and in a 
coordinated manner. At first glance, all the low and medium resistant lines seemed to lack 
sufficient numbers of crystal cells, which could suggest that they shared the same deficit in 
the immune response. This indeed could be a limiting factor that prevented successful 
encapsulation. Alternatively, a lack of crystal cells could be a manifestation of a disruption 
at an earlier stage in the immunological cascade, and therefore could be the consequence 
rather than the cause of the inefficiency of resistance.  
Close examination of the responses of the low and medium resistance lines to 
parasitization revealed substantial differences in their deficiencies. Larvae from the low 
resistant STA line, for example, reacted with a substantial increase in the number of 
lamellocytes after parasitoid attack and a large proportion of individuals initiated specific 
melanization of the wasp egg, while an increase in the number of crystal cells did not occur. 
This suggests that the lack of crystal cells indeed prevented successful encapsulation. In 
contrast, the low resistant BAY line had a high number of plasmatocytes both before and 
after parasitization, which was probably related to a slightly faster development of this line 
compared to the other lines (personal observation). Nonetheless, the BAY line showed only 
a small increase in lamellocytes and no increase in its crystal cells after parasitization. In 
addition, melanization appeared to be extremely unspecific. This could indicate a lack of 
ability to target the wasp egg with hemocytes to form a multicellular capsule and 
insufficient recruiting of both hemocyte types needed for successful encapsulation. The 
intermediate resistant line INN, however, showed similar ratios of lamellocytes and crystal 
cells as the high resistant lines (GOTH, ARL and KAL) and substantial increases in both 
hemocyte types in response to parasitization, while less than half of the individuals 
initialized the melanization of the wasp egg and only 27.3% completed the melanotic 
encapsulation. This suggests that INN fully activated the cellular response upon 
parasitization, but another component in the host defense system -like the targeting of the 
wasp egg with the blood cells- was a limiting factor. This variation in patterns among the 
low and medium resistant lines can arise, because any of the components in the 
immunological cascade can be disrupted or malfunctioning. 
Among the high resistant lines, we also observed substantial differences in the 
hemocyte load and the hemocytic increase after parasitization. The high resistant KAL line 
had the lowest plasmatocyte counts and THC of all lines apart from the medium resistant 
GRO line, irrespective of parasitization. ARL had rather low crystal cell levels after 
parasitization, compared to the other high resistant lines. Finally, GOTH had high levels of 
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differentiated hemocytes (both lamellocytes and crystal cells) circulating in the hemolymph 
already prior to parasitization. Finding lamellocytes in unparasitized larvae is highly unusual 
(Lemaitre and Hoffmann 2007), but was confirmed in two separate experiments. In both 
the repeated experiments, GOTH individuals had substantial numbers of lamellocytes in 
unparasitized larvae (on average 589 ± 298  and 571 ± 232 lamellocytes/mm
3
, which 
increased to  1751 ±  365 lamellocytes/mm
3 
after parasitization). Not all tested GOTH 
individuals had these elevated levels of differentiated hemocytes, but on average a third of 
the individuals did.  
The pre-existing differentiated hemocyte levels before parasitization in GOTH may 
be an adaptive trait to quickly react when attacked by a parasitoid. In contrast, relatively 
many individuals in this line had melanized some internal tissues, which could be 
deleterious and comprise a cost associated with this trait. The need for a quick response 
may be especially important when the local parasitoid population is highly virulent. Unlike 
some other parasitoid species that aggressively attack the hosts hemocytes or lymph glands 
with lysing venoms and virus-like particles, A. tabida evolved an immune evasion strategy. 
Virulent A. tabida produce sticky eggs, by a modification of the egg chorion that enables 
these eggs, to attach to host tissue, thereby avoiding encapsulation (Monconduit & 
Prévost, 1994; Kraaijeveld & van Alphen, 1994; Eslin & Prévost, 1996; Eslin & Prévost, 2000; 
Eslin et al., 1996). A physiological arms race has been suggested for the speed of the 
hemocytic response of the host and the attachment of the parasitoid egg to the host’s 
tissue, where successful encapsulation may critically depend on the hemocyte abundance 
directly after parasitization (Eslin & Prévost, 1996, 1998, 2000). The constitutive high 
abundance of lamellocytes and crystal cells in the unparasitized larvae of GOTH may reflect 
this physiological arms race.   
Another fascinating finding was that individuals from high resistant lines that were 
stung, but not successfully parasitized by the parasitoid wasp, showed an increase in 
hemocytes compared to controls similar to, and sometimes even exceeding, the increase 
observed in the parasitized larvae. Also the low and medium resistant lines showed 
generally an increase in hemocytes after an unsuccessful parasitization. This indicates that 
the initial immune reaction of D. melanogaster larvae is primarily a response to the 
parasitization event (being stung by the wasp), rather than to the presence of the 
parasitoid egg. This possibility was incorporated by the description of the sequence of 
events that make up the immune response as described by Lavine and Strand (2002), yet 
deserves further investigation. Perhaps the venoms of parasitoid wasps contain some 
overlooked elements for the host’s recognition process, or the response to the tissue 




Lemaitre and Hoffmann (2007) for instance, suggest that disruption of the basement 
membrane might be enough to induce an encapsulation response.  
The extensive variation in immune function among field lines of D. melanogaster 
may have evolved under a combination of drift, constraints and selective pressures. 
Genome-wide expression studies identified more than 100 genes that changed expression 
in response to parasitization (Wertheim et al., 2005; Schlenke et al., 2007), and complex 
gene interaction networks were associated with gene expression differences between lines 
of high and low parasitoid resistance (Wertheim et al., 2011). Moreover, not only the 
parasitoids interact with the immune system, but D. melanogaster are also exposed to a 
large variety of other pathogens. For instance, large natural variation within D. 
melanogaster in the immune responses against various bacteria has been reported (Lazzaro 
et al., 2006). Additionally, hemocytes are involved in several physiological functions 
including metabolic transport (Wigglesworth, 1972) and enzyme synthesis (Rizki & Rizki, 
1980), wound healing (Brehelin, 1982) and the formation of the basement membrane 
(Wigglesworth, 1972; Ball et al., 1987). These combined functions may lead to different 
selection pressures on hemocyte levels in different environments, and could set constraints 
on the evolutionary response to changes in parasite communities. Moreover, low rates of 
parasitoid attack may have allowed for drift or degeneration that lowered the defenses, 
while under low-risk conditions the costs of resistance may outweigh the benefits. For 
instance, Kraaijeveld et al., (2001) showed that larvae from D. melanogaster lines that were 
artificially selected for high resistance against A. tabida had a reduced competitive ability.  
One aspect of local adaptation that could be especially relevant for our study is the 
specificity of the immune response. Previous studies showed that sympatric or allopatric 
origin of A. tabida strains had little influence on the relative level of parasitoid resistance 
among D. melanogaster lines (Kraaijeveld & Godfray, 2001), suggesting that our finding of 
large natural variation in D. melanogaster parasitoid resistance is robust for various A. 
tabida parasitoid strains. However, resistance against one parasitoid species is not 
necessarily associated with resistance against other parasitoid species (Fellowes et al., 
1999; Kacsoh & Schlenke, 2012). The evasive virulence mechanism of A. tabida selects 
primarily for a fast and efficient mechanism to encapsulate and melanize the parasitoid 
egg, while the aggressive counter-defenses of some parasitoid species may select for 
additional, perhaps highly specific, host defenses. This makes A. tabida parasitoids 
especially suitable for a general screening for variation in host resistance and associating it 
to hemocyte loads, both because of a lesser specificity to the local parasitoid community 
and because of less interference of the hemocytic response by the parasitoid. It does imply, 
however, that the high resistance in our field populations may not have evolved under 
 Natural variation in differentiated hemocytes 
49 
 
selection by A. tabida, but by different parasitoid species, and could lack some specific 
components that would be required for the defenses against other species.  
A comparison across Drosophila species indicated that species with a high 
parasitoid resistance had evolved high constitutive hemocyte loads and a strong hemocytic 
response inducible by parasitization (Eslin & Prévost, 1996; Eslin & Prévost, 1998). This 
could imply that the target of selection is primarily the numbers of hemocytes that are 
made available for the immune defense. The within-species variation of D. melanogaster 
field lines, however, did not show any consistent correlations between resistance and 
hemocyte load. Moreover, even though the encapsulation ability differences between the 
lines are of the same magnitude as for the different species (Eslin & Prévost, 1996; Eslin & 
Prévost, 1998), the variation in THC was not. Therefore, other mechanisms are likely to be 
involved in obtaining such a big difference in resistance within a species. All lines also had 
an equally strong hemocytic response. Instead, high resistant field lines seemed to have 
converged on optimized ratios of the different hemocyte types and on accurate targeting of 
the hemocytes against the foreign body. We hypothesize this could imply that the number 
of hemocytes that is available for immune defense is constraint in D. melanogaster, either 
by the resources or by associated costs, and the fine-tuning of the immune response is the 
primary target of selection. The results of this study suggest that the genetic architecture 
for fine-tuning the immune response has evolved differentially among the populations of D. 
melanogaster. Elucidating the underlying genomic variation could provide us with a better 
insight into the evolution of immune resistance, and in the causes for natural variation of 
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2.6 Supplementary material 
Supplementary Table 2.1:  Hemocyte counts of the stung, non-parasitized larvae for Total Hemocyte Counts (THC), 
plasmatocyte counts, lamellocyte counts and crystal cell counts. The number of larvae that were bled/dissected is 
shown (N).     
 
N
STA 2550 ± 433 1830 ± 264 680 ± 185 40 ± 22 10
BAY 4000 ± 835 3264 ± 647 673 ± 352 64 ± 34 11
GRO 1986 ± 753 1671 ± 591 314 ± 171 0 ± 0 7
BRE 2300 ± 221 1925 ± 175 338 ± 122 38 ± 15 16
INN 2729 ± 391 2035 ± 295 676 ± 137 18 ± 13 17
KAL 2485 ± 440 1962 ± 298 415 ± 131 108 ± 49 13
ARL 3229 ± 591 2357 ± 486 786 ± 296 86 ± 40 7
GOTH 4033 ± 736 2750 ± 422 1192 ± 429 92 ± 34 12
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Genetic variation in putative loci for parasitoid resistance in 
natural populations of D. melanogaster 
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Abstract 
The complex polygenic genetic basis of the variation in immune response against 
parasitoids was studied among natural populations of Drosophila melanogaster. Previous 
research showed that a stretch of 600 kb on the right arm of chromosome 2 (chromosome 
2R) had significantly changed in allele frequencies after artificial selection for increased 
parasitoid resistance (Jalvingh et al., 2014). To identify actual targets of selection for 
parasitoid resistance, we performed a sequence analysis for several loci within the 600kb in 
lines derived from natural D. melanogaster field populations that differ in parasitoid 
resistance. Furthermore, 14 SNPs that showed strong signatures of selection in the study of 
Jalvingh et al., (2014), and are located in this and other genomic regions, were genotyped 
for 400 phenotyped individuals. A diverse pattern of genetic variation among natural 
population was found in 7 genes within the 600kb block and several SNPs were identified 
that carried a signature of selection in the field lines. However, no apparent pattern of 
genotype and level of resistance was found, indicating that these candidate genes had no 
consensus configuration that explained resistance across populations. We discuss these 
findings in the context of Red Queen dynamics, balancing selection pressures and local 
adaptation. We suggest that, within field lines, co-adapted gene complexes may be of more 




Evolutionary adaptation is the progressive genetic improvement in populations resulting 




multiple challenges to which populations continuously adapt. These challenges can be 
abiotic, such as temperature or humidity, or biotic, such as higher infection risk by 
parasites. The ability of a population to adapt to changing environments depends on the 
standing genetic variation in relevant genes. Studying the association between genetic and 
phenotypic variation of an adaptive trait in natural populations can help to gain a better 
insight in what evolutionary processes shape that trait (Frydenberg et al., 2003; Hartl & 
Clark, 2007; Paaby et al., 2010). 
Immunity is among the fastest evolving traits, due to the severe impact that 
parasites can have on fitness and survival of the hosts, and the dynamic co-evolutionary 
arms races between hosts and parasites. Insects lack an acquired immune system, and have 
to solely rely on their innate immune system to resist pathogens. The innate immune 
system consists of a humoral component, i.e. the release of factors to counteract 
pathogens, and a cellular component, such as specialized hemocytes (blood cells) that 
phagocytize invaders or encapsulate foreign bodies that are too big to be phagocytized 
(e.g. parasitoid eggs). Large genetic variation and high rates of evolution are common to 
genes involved in innate immune systems. However, this is not found across all immune 
system genes, but only in a subset of genes, namely, immune receptors, modulators of the 
signaling pathways and effector molecules (Sackton et al., 2007; Waterhouse et al., 2007; 
Obbard et al., 2009; Salazar-Jaramillo et al., 2014). The fast evolution of these components 
of the immune system are likely due to being at the interface of the rapid and dynamic 
arms race between hosts and parasites. 
Various ecological interactions and evolutionary processes may contribute to the 
origin and maintenance of genetic variation in immunity genes. Local differences in 
ecological factors and the composition of parasite communities cause variation in the 
selection pressures on host immunity, leading to genetic differentiation among local 
populations. Furthermore, mutations often accumulate faster in parasites than in the hosts, 
due to shorter generation times in parasites. This might give the parasites an advantage in 
the arms race, where each is trying to outrun the other (Red Queen dynamics). It is 
proposed that genetic diversity helps the host to keep co-evolving with the parasite 
(Altermatt & Ebert, 2008). Parasites encounter hosts with various genotypes and, hence, 
phenotypes. The parasite may evolve adaptive responses against specific host genotypes 
that are abundant in the populations. In contrast, the host can benefit from a high diversity 
of genotypes in the population, as that increases their chances of producing offspring with 
genotypes to which the parasite has not yet adapted. Due to this, genetic variation is 
considered to be the main factor in overcoming parasite susceptibility (Lazzaro et al., 2006; 
Paterson et al., 2010; Bikard & Marraffini, 2012; Thrall et al., 2012; Decaestecker et al., 
2013). Selective maintenance of genetic variation in the immune response could therefore 
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Previous studies showed large geographical variation in immunological resistance in D. 
melanogaster against the parasitoid A. tabida (Kraaijeveld & van Alphen, 1995, Kraaijeveld 
& Godfray, 1999, Gerritsma et al., 2013).  Natural populations in southern Europe had a 
higher resistance than natural populations elsewhere in Europe. These patterns are likely to 
be caused by geographic differences in host-parasitoid community structure, which include 
parasitoid abundance and parasitoid virulence (Kraaijeveld & Godfray, 1999). This variation 
has a genetic basis, as was determined in common-garden experiments under controlled 
lab conditions to rule out phenotypic plasticity (Kraaijeveld & Godfray, 1999, Gerritsma et 
al., 2013). Furthermore, these field lines retained their level of resistance, even after being 
kept in the lab for several years. The large differences in resistance among natural 
populations of D. melanogaster could be associated to variation in hemocyte compositions, 
in particular an optimized ratio of the three differentiated hemocytes (Gerritsma et al., 
2013). The genetic basis for the large variation in resistance among populations, however, 
is still largely unresolved.  
A recent ‘evolve & re-sequence’ study aimed to reveal the genetic basis of 
variation in parasitoid resistance in D. melanogaster in a single genetic background. To 
assess how genetic variation in the relevant genes changed during evolution, Jalvingh et al., 
(2014) combined an artificial selection approach with whole genome sequencing. The 
genome sequences of artificially selected D. melanogaster lines for higher parasitoid 
resistance against A. tabida were compared to genome sequences of control lines, which 
were derived from the same genetic background as the selected lines. Multiple regions 
carrying signatures of selection were found, indicating that the selection process had 
affected multiple targets in the genome. One particular region of 600 kb on chromosome 
2R showed a strong signature of selection and was therefore considered to be a region of 
major effect on parasitoid resistance (Jalvingh et al., 2014). In this region 32 genes had 
significantly changed in allele frequency in the selected lines. This could indicate that these 
genes had been the targets of positive selection. It is, however, not likely that all these 
genes are functionally related to the trait or were actually targets of selection. Rather, 
through linkage, some allelic variants that flank the targets of selection could have been 
swept along through a hitchhiking process (Nuzhdin et al., 2007; Nuzhdin & Turner, 2013). 
The actual targets of selection in this linkage block may be found by exploiting the genetic 
variation in natural populations. In these populations, chance associations among loci due 
to physical proximity will have largely disappeared, because the selective forces have been 
more diffuse and persisted over many more generations, allowing for more recombination 
and compensatory evolution.  
In this study we use a comparative approach among natural D. melanogaster 
populations to study the genetic basis of the variation in the immune response against 
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parasitoids. For this purpose we first determined the level of population sub-structuring 
and inbreeding, based on neutral markers (microsatellites). This measure of the neutral 
variation among the field lines verified that the field lines were indeed genetically 
differentiated, representing various genetic backgrounds. Secondly, we selected a set of 
candidate genes for parasitoid resistance, located in the 600 kb region on 2R and based on 
the population genomic study by Jalvingh et al., (2014). Our aim was to untangle this 
linkage block to find actual targets of selection for parasitoid resistance, and to investigate 
whether similar SNPs are selected in the evolution of parasitoid resistance in lines with 
different genetic backgrounds. To measure the genetic variation in these loci, we 
sequenced sections of candidate genes surrounding the SNPs that had changed in allele 
frequency after artificial selection for increased parasitoid resistance. We analyzed which 
SNPs carried a signature of selection in the field lines. We also tested whether the SNPs 
that had increased in frequency during artificial selection were also (over-) represented in 
the field lines with high resistance levels. Finally, we selected 14 specific polymorphic sites, 
8 located in the 600kb region on chromosome 2R and 6 others in regions on chromosome 
2L and 3R that also showed a signature of adaptive evolution in Jalvingh et al., (2014). We 
genotyped these SNPs in individually phenotyped D. melanogaster larvae from the field 
lines to test if we could associate the variation in resistance to specific alleles. We expected 
that the targets of selection for parasitoid resistance in the artificial selection experiment 
might also be linked to high resistance in the field lines. We found diverse patterns of 
genetic variation among natural population in 7 genes within this 600kb block, but did not 
obtain concrete evidence for any of the sequenced genes being candidates for parasitoid 
resistance across the natural populations. Our SNP genotyping assay did not show any 
consistent association between specific genotypes and level of resistance. This led us to 
hypothesize that either different loci, alleles and genotypes may lead to resistance against 
the parasite, or that the genetic basis for resistance differs among the lines, depending on 
the environment in which the hosts and parasites interact and the genetic background 




3.2.1 Lines used 
In this study we used D. melanogaster field lines collected from natural populations in 
Europe in the summer of 2009. These field lines showed variation in their ability to 




resistance against A. tabida eggs of the field lines can be found in Gerritsma et al., (2013) 
(Table 3.1). Briefly, their ability to encapsulate A. tabida eggs (encapsulation rate, ER) was 
measured as the percentage of parasitized larvae that had fully melanized a parasitoid egg, 
96 hours post-parasitization (scored by dissections of the parasitized larvae). All flies were 
kept as mass cultures (>>1000 individuals / line / generation) at 20 °C under a dark: light 
regime of 12:12 in quarter pint bottles containing 30mL standard medium (26 g/L 
inactivated yeast, 54 g/L sugar, 110.5 mM nipagin solution, solved in water). The A. tabida 
strain TMS was established as an isofemale line in 2010 from a cross between two lines, 
one originally collected from Sospel (France) and the other from Pisa (Italy) and is a 
moderately virulent wasp strain. TMS has been maintained on D. melanogaster at 20 °C 
under a dark:light regime of 12:12. 
 
Table 3.1: Collection sites, encapsulation ability and sample sizes for genotyping assay of the D. melanogaster field 
lines. a) Encapsulation rate (% individuals that successfully encapsulated wasp egg) measured in two separate 
studies, Gerritsma et al, 2013 (encapsulation rate measured in 2009) and this study, 2014. Sample sizes, N refer to 
the number of individuals scored for encapsulation ability. b) Sample sizes of the phenotyped individuals for the 
SNP genotyping study. Individuals are categorized according to the percentage melanization present around the 




3.2.2 Microsatellite marker study 
DNA isolation    DNA was extracted from 12 virgin females per field line using a high-
throughput DNA extraction method adjusted after Hoarau et al., (2007). Tissue was 
homogenized in 50 µl digestion buffer (100 mM NaCl, 10 mM Tris-HCl pH 8.0, 25 mM EDTA 
pH 8.0, 0.5% SDS ) using tip-melted filter tips. After homogenizing, 50 µl digestion buffer 
containing 2 µl of 0.4 mg/ml proteinase K was added and mixed well. The samples were 
incubated overnight at 55°C, after which 40 µl of 6M NaCl and 100 ul Chloroform was 
Line Collection site
ER (%) N ER (%) N 0% 1-25% 75-99% 100% N total 
BAY Bayreuth, Germany 3.7 30 3.9 51 17 0 7 2 26
STA St Andrews, Scotland 3.3 27 5.7 35 19 0 1 2 22
GRO Groningen, Netherlands 15.6 32 18.8 48 17 0 6 9 32
BRE Bremen, Germany 25.9 27 12.8 39 17 0 3 4 24
INN Innsbruck, Austria 27.9 22 16.7 30 14 5 1 7 27
BER Berlin, Germany - - 22.0 50 11 6 9 11 37
AVI Avignon, France - - 22.7 44 14 6 5 10 35
ARL Arles, France 45.5 33 26.1 46 13 5 5 12 35
BEA Beaune, France - - 29.4 51 10 7 10 13 40
KAL Kaltern am See, Italy 44.4 27 31.1 45 12 6 3 11 32
PAR Paris, France - - 32.7 52 6 6 11 15 38
GOTH Gotheron, France 46.4 28 34.4 61 5 13 14 20 52
155 54 75 116 400
b) N genotyped individuals
% melanization2009 (Gerritsma et al, 2013) 2014 (this study)
a) Encapsulation rates (resistance)
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added to each sample and mixed well. Samples were centrifuged for 20 min at 3000 rpm. 
The supernatant was transferred to a Millipore (MSFBN6B50) filter plate that contained an 
equal volume of binding buffer (0.908 g/ml NaI, 15 mg/ml Na2SO3, dissolved in milliQ-
filtered water ("MQ" from here on onwards)). The filter plate was centrifuged for 15 
minutes at 1000 rpm and then 10 minutes at 2000 rpm to remove waste products 
(collected in waste collection plate). An equal volume to the supernatant of ice-cold wash 
buffer (freshly prepared solution of 100% EtOH and stock wash buffer: 100 mM NaCl, 20 
mM Tris-HCL pH 8.0, 1 mM EDTA pH 8.0), was added to each sample, and centrifuged again 
for 10 minutes at 3000 rpm. This washing step was repeated three times due to the high 
salt concentrations in the samples. After discarding the waste, the plate was left to dry at 
RT for 30 minutes. DNA was eluted with 100 µl warm (55 °C) elution buffer (1M Tris-HCL pH 
8.0, 0.1M EDTA) and incubated for 5 minutes. Plates were centrifuged for 5 minutes at 
1000 rpm, followed by 5 minutes at 2000 rpm to collect the DNA in the PCR plates. DNA 
was diluted 10 times to make work solutions for multiplex PCR. 
 
Multiplex PCR    Sixteen microsatellite markers were amplified using the primers listed in 
Supplementary Table 3.1. All primer combinations were tested individually for use in a 
multiplex PCR. Products did not exceed 400 bp and were non-overlapping. Forward primers 
were end-labeled with either Hex or Fam (Biolegio, Nijmegen) fluorescent dye for scoring of 
the markers. With the available primers, four multiplex reactions could be made 
(Supplementary Table 3.1).  Per reaction, 2.5 µl Qiagen® multiplex PCR master mix 
(HotStarTaq® DNA polymerase, Multiplex PCR buffer containing 6 mM MgCl2, dNTP mix) 
was added to 0.5 µl of the multiplex primer mix and 1 µl of the DNA sample. 1 µl of MQ was 
added to get a total reaction volume of 5 µl. PCR reaction was as follows: denaturation at 
94 °C for 15 min, 30 cycles of 94 °C for 30 sec, 57 °C for 1½ min, 72 °C for 60 sec, then final 
extension at 72 °C for 45 min. PCR products were diluted 40 times with MQ (5 µl PCR 
product plus 195 µl MQ). 1.5 µl of the product was then added to 13.5 µl EDTA with size 
standard (4.5 µl size standard (Applera, the Netherlands) diluted into 1495.5 µl 0.2 mM 
EDTA), denatured for 2 minutes at 96 °C and put on ice and analyzed on an ABI 3730 
automatic DNA sequencer.  
 
Statistics    Alleles were scored twice, independently, using Genemapper 4.0. Markers were 
checked for neutrality using an Fst outlier analysis in LOSITAN (Beaumont & Nichols, 1996; 
Antao et al., 2008), a program that compares the observed distribution of genetic 
differentiation versus observed heterozygosity to the distribution that would be expected 
under the assumption of neutrality using an island model. The following parameter settings 




set to 0.1, 8 populations and subsample size of 24 and 16 loci (microsatellite markers). Loci 
were considered "not neutral" above a probability level of 0.99. Allelic richness was 
calculated using FSTAT 2.9.3. (Goudet, 1995). Number of alleles, number of private alleles, 
heterozygosity (Ho) and estimations of genetic differentiation (Fst) were evaluated using 
GenAlEx version 6.501 (Peakall & Smouse, 2006, 2012). To check for isolation by distance 
(IBD), pairwise relative distance in kilometers were obtained and compared to a Fst/(1-Fst) 
matrix, as suggested by Rousset (1997). Significant correlation between the two matrices 
was tested using a Mantel test, determining significance based on 1000 permutations. 
 
3.2.3 Candidate genes study 
Candidate genes    Seven candidate genes for parasitoid resistance were selected from the 
genome wide high-throughput sequencing study on artificially selected D. melanogaster 
lines. These genes showed significant differences in allele frequencies for 14 SNPs between 
the replicated control and replicated selection lines. More information can be found in 
Jalvingh et al., (2014). For five genes, the polymorphisms are located in the coding region, 
while the positions of two SNPs in mthl4 (from Jalvingh et al., 2014) are located in the non-
coding part of exon 1. The polymorphisms of the remaining two genes are located in an 
intron. All SNPs are located within a 600 kb region on chromosome 2R, which shows a 
strong signature of selection (Jalvingh et al., 2014) (Supplementary Table 3.2). This region 
on 2R spans the genomic positions 12,900,000 to 13,500,000 in the Drosophila genome 
(release 5.29). For each of the 8 field lines, six females per line were analysed (total 48 
individuals, 96 sequences). These sample sizes are too small for meaningful comparison 
among populations or for genotype-phenotype associations. They do, however, allow us to 
screen various measures of genetic diversity across the lines and genes, and to identify 
SNPs that carry a signature of selection in the field lines. For the gene CG17287, 12 
individual females were analysed. 
 
DNA extraction and amplification    DNA was extracted using a high salt protocol without 
chloroform based on Aljanabi and Martinez (1997). Tissue was homogenized in 400 µl 
homogenizing buffer (0.4M NaCl, 10 mM Tris-HCl pH 8.0, 2 mM EDTA) using tip-melted 
filter tips. After homogenizing, 40 µl of 20% SDS and 8.5 µl of 10 mg/ml proteinase K 
(200µM final concentration) were added and mixed well. The samples were incubated for 
1h at 55 °C, after which 190 µl of 6M NaCl (35g NaCl saturated in 100ml MQ) was added to 
each sample. Samples were vortexed for 30s at full speed and then centrifuged for 30 min 
at 10000g at RT. The supernatant was transferred to new tubes and an equal volume of ice-
cold isopropanol was added to each sample, vortexed and incubated for 1h at  -20 °C. 
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Samples were centrifuged for 30 min at 15000g RT. The supernatant was removed and the 
pellet washed 3x with 70% ethanol, dried and suspended in 20µl MQ.  
Pairs of primers were designed to amplify a region of approximately 500 bp of the 
gene of interest in which SNPs were previously located in the study by Jalvingh et al., (2014) 
and that had changed significantly in allele frequency in the selected lines. The program 
PerlPrimer v1.1.21 (Marshall, 2004) was used to design the primer pairs (Supplementary 
Table 3.2). The extracted DNA was diluted 10 times and the primers were diluted to a 
working solution of 10µM for PCR and a solution of 5 µM for sequencing. After 
amplification of the region of interest with a standard PCR  (3 minutes on 94 °C, 35 cycles of 
94 °C for 25 seconds, melting temperature for 45 seconds and 72 °C for 45 seconds, 72 °C 
for 7 minutes), products were purified from excess primers, dNTPs and polymerases by 
adding the following reaction mix: 0.08 µl ExoI (sExonuclease I, 20U/µl), 0.12 µl FAP (FastAP 
thermosensitive alkaline phosphasate, 1U/µl) and 3.8 µl MQ to 5 µl of the PCR product. This 
was then heated to 37 °C for 30 min to activate the enzymes after which the mix was 
heated to 80 °C for 15 min to deactivate the reaction. The product was sequenced by the 
commercial company GATC Biotech, Germany, using single-read Sanger sequencing with 
standard protocol. Per individual sample, both the forward and reverse sequences were 
obtained to eliminate sequencing errors.  
 
Analyses of sequences    Sequence products were aligned and processed in the program 
CodonCode Aligner 4.1.1. (CodonCode Corporation, www.codoncode.com). This program 
uses the IUPAC code to indicate heterozygotes. Low quality bases and sequencing errors 
were manually removed from the sequences after which a consensus sequence was 
created by combining the forward and the reverse sequences. Trimming off the low-quality 
start of the sequences resulted in fragments of ~400 bp. Alignments were exported as 
FASTA files to be analyzed further in the program DNAsp v5.10.1 (Librado & Rozas, 2009). 
Alignments were imported as unphased data and aligned to the reference transcript 
(obtained from FlyBase: FB2012_05 Dmel Release 5.47) to determine coding and non-
coding regions. From this alignment the number of synonymous and nonsynonymous 
polymorphisms could be calculated. Then we generated haplotype files using the program 
PHASE (Stephens & Donnelly, 2003), an algorithm that deals with heterozygote data to 
calculate haplotypes (Clark, 1990), which is implemented in DNAsp. From this data, 
haplotype diversity and private haplotypes were calculated. DNAsp was used to calculate 
population genetic parameters, Tajima’s D and nucleotide diversity (π) as a measure of 
genetic variation. Genetic differentiation (Fst) values of the genes of interest were 
estimated using FSTAT 2.9.3. (Goudet, 1995). To calculate Fst values, ark had to be excluded 




comparisons impossible. Excluding the field line GRO from the analysis, and including the 
data for ark for the other lines, did not significantly affect the pairwise Fst matrix (pairwise 
Fst values remained non-significant, data not shown).  
To test whether genes show signatures of positive or balancing selection we 
combined all SNPs together and analyzed the data using an outlier analysis with Fdist 
implemented into the software LOSITAN (Beaumont & Nichols, 1996, Antao et al., 2008). 
The following parameter settings were used: 50 000 simulations with a confidence interval 
of 0.95 and false discovery rate set to 0.1, 8 populations, subsample size of 12 and 116 loci 
(SNPs). Loci were considered as candidates for positive selection above a probability level 
of 0.95, and under balancing or frequency dependent selection when probability levels 
were below 0.05.  
 
3.2.4 SNP genotyping study 
Individually phenotyped larvae    To associate the variation in resistance to specific alleles, 
we genotyped fourteen SNPs located in fourteen candidate genes from Jalvingh et al., 
(2014) in individually phenotyped larvae taken from the field lines. The choice of the 
fourteen SNPs was also based on Fst outlier analysis of the sequences (see above). This 
approach allowed us to directly link the genotypes of particular SNPs to the phenotype 
carried by that individual, i.e. a resistant or susceptible individual. The SNPs were chosen 
based on data from the study by Jalvingh et al., (2014), in which these SNPs showed highly 
significant differences in allele frequencies between the selection and control lines 
(Supplementary Table 3.3). Resistance levels of the larvae were measured according to the 
dissection protocol as described in detail in Gerritsma et al., (2013). In short, for 12 field 
lines, eggs were collected within 1 hour of oviposition at 25 °C, and thereafter kept at 20 °C 
in groups of 50 individuals per petridish (diameter: 55 mm), containing standard medium 
and live yeast. Four days after oviposition of the eggs, a wasp of the TMS line was 
introduced to the second instar D. melanogaster larvae and oviposition behavior of the 
wasps was observed. Only larvae that were parasitized were collected for further 
development, which is assumed to have happened when oviposition lasts at least 10 
seconds (van Alphen & Drijver, 1982). Wasps were replaced by new wasp after they 
successfully parasitized 10 larvae, and the total period of larval collections per line was 
approximately 2 hours to minimize variation in larval development.  
Larvae were dissected 72h post-parasitization to assess the presence of a wasp 
egg and to score the phenotype. We scored encapsulation success (ERsuccess), i.e. whether 
the larva was susceptible (the wasp egg was not completely melanized) or resistant (a 
complete capsule was formed around the wasp egg). As a more detailed measurement of 
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the phenotype, we also scored the percentage of melanization around the wasp egg for 
each individual and categorized it in the following groups: 0%, none; 1-25%, low; 26-75%, 
medium; 76-99%, high; 100%, full. Only samples that fell into the first two and last two 
categories were used for SNP genotyping. All information on the number of genotyped 
individuals and results of the resistance assay can be found in Table 3.1.  
 
SNP genotyping data analyses    After scoring the phenotypes, the dissected larvae were 
collected and stored at -20°C in 100 µl TE (1mM Tris, 0.1 mM EDTA) buffer. DNA was 
extracted from 400 individually phenotyped larvae, using the same high-salt DNA extraction 
method as described above. DNA was diluted and brought to concentrations of 5 ng/µl for 
SNP genotyping, which was done at DNA Markerpoint, Institute of Biology, Leiden, using a 
Kompetitive Allele Specific PCR (KASP) genotyping assay. 
Data was analyzed using a Generalized Linear Model (GLM) approach 
implemented in R 2.13.0 (R Development Core Team, 2011). We removed the explanatory 
variables one by one from the maximal model and used Chi-square tests for comparisons to 
the full model, to judge the statistical significance of explanatory factors (Crawley, 2007). 
To relate individual encapsulation ability to the individual genotypes, we tested for a 
relationship between the binary ERsuccess as response variable, and the genotypes per gene 
(Genotype) and field lines (Line) as explanatory variables. This model resembles a logistic 
regression model that analyzes whether specific genotypes are associated with increased 
success rates in encapsulation, and whether such relationships were similar among the 
lines. A similar model was used to test whether specific genotypes are associated with the 
percentage of melanization around the parasitoid egg. For this model we used the 
percentage of melanization (MelPerc/100) as response variable and again the genotypes 
per gene (Genotype) and field lines (Line) as explanatory variables. To correct for 
overdispersion we used a quasibinomial distribution and used F-statistics to test for 




3.3.1 Population structure 
To investigate the level of population sub-structuring among the field lines and to check for 
deviations from random mating within the lines, variation of microsatellite markers, spread 
over the whole genome (Supplementary Table 3.1), was analyzed for a total of 96 




mean dataset Fst: 0.119 and an attempted mean neutral Fst of 0.129, showed no evidence 
for any form of selection on the 16 markers used for testing sub-structuring in the field 
lines (probabilities of all markers fall in the confidence interval of 0.01-0.99, DROGPAD 
being a significant outlier when using 95% confidence interval), indicating that these 
microsatellite markers can be considered neutral (Figure 3.2).   
Private alleles were found in all 8 lines. The lowest percentage of private alleles 
were recovered from the lines ARL, GRO (both, 3.1%) and STA (6.3%), while the lines BAY, 
BRE, GOTH, INN and KAL showed percentages ranging from 15.6 to 18.8%, which suggests 
considerable differentiation among the field lines, and also indicated that we did not 
exhaust the maximum number of alleles (Table 3.2, field line information can be found in 
Table 3.1).  
Heterozygosity levels were lowest for STA, 0.295 ± 0.060. All other lines showed 
observed heterozygosity levels ranging from 0.417 to 0.540, and did not deviate from 
expected heterozygosity values (mean observed heterozygosity for all the lines was 0.445 ± 
0.025 and mean expected heterozygosity 0.467 ± 0.021), meaning lines are genetically 
variable at a similar level and no evidence for severe inbreeding or mixture of two inbred 
populations exists. The overall fixation index F was 0.0625 ± 0.025, which suggest random 
mating within the field lines. STA showed a relatively high fixation index, compared to the 
other lines, namely 0.217 ± 0.070, which could indicate inbreeding or undetected null 
alleles. GOTH (-0.009 ± 0.057) and BAY (-0.014 ± 0.054) showed (low) negative values of F, 
which might indicate an excess of heterozygotes, due to negative assortative mating or 
heterotic selection within these lines (Table 3.2).  
Pairwise comparisons among the lines using F-statistics showed that genetic 
differentiation among all lines was significant (Fst=0.148±0.014; 95% CI 0.125-0.181, 
Gst=0.111±0.014; 95% CI 0.089-0.127, see Table 3.3). The Fst values ranged from 0.037 to 
0.168, with STA being the line that was most genetically differentiated to all other lines 
(Table 3.3). Fst values were weakly associated to distance (P=0.04, R
2
=0.18, Mantel’s test, 
Figure 3.3), indicating that field lines collected from populations that are geographically 
further apart from each other, are genetically more differentiated.  
Combined these results show that the field lines sampled from different 
geographic locations show population sub-structuring. Furthermore, levels of non-random 
mating or inbreeding levels are low within the lines, except perhaps for STA (Table 3.2). This 
line was founded by approximately 50 female individuals found on a single fruit, and 
possibly these founders were sibs. Thus, different genetic backgrounds are represented by 
the various field lines, and during mass culture, no substantial depletion of the genetic 
variation in these lines had occurred.   
 




Figure 3.2: Fst outlier analyses using FDIST2 method (Beaumont & Nichols, 1996) implemented in LOSITAN (Antao 
et al., 2008) based on microsatellite markers. Microsatellite markers that fall above the 95% confidence intervals 
have higher than expected Fst values and are likely candidates for being under positive selection, and can therefore 
not be considered as neutral markers. One marker, DROGPAD is considered neutral when a confidence interval of 







Table 3.2: Summary of genetic parameters based on the microsatellite analyses using 16 markers. Sample size (N) 
refers to the number of individuals used for microsatellite analyses, total number of observed alleles (No. of 
alleles), allelic richness per population (AR, averaged over all markers, based on a minimal size of 9 individuals), 
number of private alleles (PA), observed (Ho) and expected (He) heterozygosity and the fixation index per 






Line N No. of 
alleles
PA
ARL 12 50 3.008 ± 0.336 1 0.417 ± 0.073 0.466 ± 0.063 0.123 ± 0.072
BAY 12 58 3.470 ± 0.305 5 0.505 ± 0.058 0.500 ± 0.052 -0.014 ± 0.054
BRE 12 59 3.443 ± 0.319 6 0.429 ± 0.062 0.457 ± 0.056 0.033 ± 0.068
GOT 12 58 3.306 ± 0.305 6 0.448 ± 0.073 0.431 ± 0.064 -0.009 ± 0.057
GRO 12 56 3.340 ± 0.347 1 0.474 ± 0.087 0.489 ± 0.064 0.105 ± 0.097
INN 12 67 3.912 ± 0.380 5 0.540 ± 0.069 0.533 ± 0.059 0.001 ± 0.061
KAL 12 59 3.478 ± 0.346 6 0.455 ± 0.074 0.489 ± 0.061 0.102 ± 0.081
STA 12 49 2.887 ± 0.420 2 0.295 ± 0.060 0.375 ± 0.061 0.217 ± 0.070
Total 96 456 32
Mean 57 3.355 ± 0.122 4 0.445 ± 0.025 0.467 ± 0.021 0.065 ± 0.025




Table 3.3: Pairwise Fst values (above diagonal) and pairwise Gst values (below diagonal) based on microsatellite 
analyses of the D. melanogaster field lines. The probability of a random value greater than or equal to the 





3.3.2 Candidate genes 
To study genetic variation in genes that are putative candidates for variation in parasitoid 
resistance, fragments of approximately 500 bp from seven genes in the 600kb region were 
sequenced and scored for polymorphic sites (SNPs). After trimming off the bad quality 
sequences, the fragments of ~400 bp were aligned and compared. These seven genes 
included SNPs that had significantly changed in allele frequency in the artificial selection 
experiment for increased parasitoid resistance by Jalvingh et al., (2014). 
In total we found 116 polymorphic sites in all sequenced fragments of a total of 
356 individuals (712 sequences) across the 7 candidate genes. This included all 14 SNPs 
that had been found by Jalvingh et al., (2014). Nine polymorphic sites had missing data and 
therefore had to be removed from some of the analyses that could not deal with gaps. 
Most of these variable sites (7), were located in mthl4 and had missing data at the 
beginning of the sequence alignment, falling in the non-coding region of the first exon of 
mthl4. Unfortunately, these missing SNPs also include the two SNPs that had significantly 
changed in allele frequency in the study from Jalvingh et al., (2014). The other two 
excluded polymorphic sites were located at the end of the sequence alignment of ark and 
RhoGEF2. This left 107 polymorphic sites to be analyzed. Of these SNPs, 28 were 
nonsynonymous substitutions and 79 were synonymous. Results are summarized in Table 
3.4 and more details can be found in Supplementary Table 3.4.  
To characterize the genetic diversity in the candidate genes, we calculated various 
measures across the polymorphic sites across all lines (Table 3.4) and per field line 
(Supplementary Table 3.4). Average nucleotide diversity across all gene fragments was 
2.3±0.4% (πs, nucleotide diversity for synonymous substitutions) and 0.13±0.05% (πa, 
nucleotide diversity for nonsynonymous substitutions)(Table 3.4), which is similar to 
BAY STA GRO BRE INN KAL ARL GOT
BAY Bayreuth, Germany - 0.125 0.061 0.097 0.051 0.068 0.100 0.085
STA St Andrews, Scotland 0.101 - 0.133 0.168 0.087 0.112 0.146 0.148
GRO Groningen, Netherlands 0.038 0.108 - 0.106 0.044 0.055 0.061 0.070
BRE Bremen, Germany 0.075 0.143 0.082 - 0.108 0.112 0.121 0.104
INN Inssbruck, Austria 0.029 0.063 0.022 0.085 - 0.037 0.065 0.061
KAL Kaltern am See, Italy 0.045 0.087 0.032 0.088 0.014 - 0.090 0.071
ARL Arles, France 0.077 0.120 0.037 0.097 0.042 0.066 - 0.051
GOT Gotheron, France 0.063 0.124 0.047 0.081 0.039 0.048 0.028 -
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nucleotide diversity values found for immunity genes in D. melanogaster in a study by 
Obbard et al (2006). Expected heterozygosity levels did not differ from observed 
heterozygosity levels for all genes (Supplementary Table 3.4, Mann-Whitney U test, 
p=0.971,). This indicates no evidence for high levels of inbreeding or the admixture of 
inbred populations within our field lines, consistent with the microsatellite data. Average 
haplotype diversity exceeded 50% for all genes, with all genes having one or two common 
haplotypes and a number of rare ones. No significant genetic differentiation was found 





Figure 3.3: Isolation by distance based on microsatellite analyses of the D. melanogaster field lines. Pairwise 













































































Table 3.4: Summary of genetic parameters of sequenced gene fragments summarized per gene, with populations 
grouped together. * indicates that although the total number of SNPs are shown in this Table, not all could be 
included into the analyses. SNPs not included into the analyses are located in Ark: 7 synonymous SNPs, RhoGEF2: 9 
synonymous SNPs and Mthl4: 2 non-coding SNPs. Total number of analysed sequences (N_seq); polymorphic sites 
categorized for synonymous (Syn), nonsynonymous (NonSyn) and non-coding; average synonymous nucleotide 
diversity (πs); amino acid diversity (πa); observed heterozygosity (Ho); expected heterozygosity (He); number of 







Table 3.5: Pairwise Fst values for all field lines, based on 116 SNPs found in the candidate genes, are shown above 
diagonal. Gst values could not be calculated due to missing values. The probability of a random value greater than 
or equal to the observed value was tested based on 999 permutations of the data (p<0.05). All pairwise 





The genetic diversity differed among the 7 candidate genes, indicating that evolutionary 
processes may have had different effects on the genes within this 600kb section. Mthl4 was 
the most variable with the highest synonymous sites diversity among the tested genes, 
while RhoGEF2 and CG42649 showed the least diversity among the seven tested genes, 
both in synonymous sites and amino acid substitutions. Tajima's D values ranged from 
significantly negative for RhoGEF2 to significantly positive for CG6568, suggesting positive 
or purifying selection had been acting on some genes, and balancing selection maintained 
polymorphisms in others (Table 3.4 & Supplementary Table 3.4). Heterozygosity levels 
Gene Annotation N_seq Syn NonSyn
Non-
coding πs πa #h hd D_Syn D_NonSyn
ark Apoptosis/cell death 80 8* 4 - 0.0290 0.0007 0.145 ± 0.027 0.157 ± 0.022 13 0.74 0.910 -1.622
RhoGEF2 Cell morphogenesis 96 10* 4 - 0.0123 0.0002 0.089 ± 0.017 0.085 ± 0.015 9 0.63 -0.365 -1.783
CG6568 - 96 5 3 - 0.0259 0.0006 0.313 ± 0.041 0.231 ± 0.027 9 0.77 2.252 -1.370
mthl4
G-protein-coupled 
binding receptor/cell 70 12 11 9* 0.0342 0.0036 0.151 ± 0.016 0.123 ± 0.011 27 0.94 0.014 -1.679




pathway 96 - - 13 0.0371 (nc) - 0.228 ± 0.021 0.209 ± 0.018 11 0.72 0.730 -
CG42649 - 88 - - 18 0.0065 (nc) - 0.112 ± 0.015 0.131 ± 0.015 22 0.87 -0.885 -
CG17287 Metal-binding 186 13 6 - 0.0166 0.0011 0.109 ± 0.012 0.102 ± 0.011 15 0.56 -0.701 -1.274
Haplotypes Tajima's D
Ho He
Polymorphic sites Nucleotide diversity Heterozygosity
BAY STA GRO BRE INN KAL ARL GOT
BAY Bayreuth, Germany - 0.000 0.000 0.000 0.000 0.000 0.000 0.000
STA St Andrews, Scotland - 0.036 0.000 0.000 0.000 0.000 0.000
GRO Groningen, Netherlands - 0.034 0.024 0.027 0.054 0.000
BRE Bremen, Germany - 0.000 0.000 0.000 0.000
INN Inssbruck, Austria - 0.000 0.000 0.000
KAL Kaltern am See, Italy - 0.000 0.000
ARL Arles, France - 0.000
GOT Gotheron, France -
BAY STA GRO BRE INN KAL ARL GOT
Line Location
Pairwise Fst (Wright)
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corresponded with these values, being much lower in RhoGEF2 than in the other genes, 
suggesting a loss of genetic variation, while CG6568 had the highest heterozygosity levels in 
comparison to the other genes. The latter could have been caused by balancing selection in 
which heterozygous genotypes are favored, or a type of diversifying or frequency 
dependent selection in which genotypes carrying less common alleles are favored. The 
number of haplotypes ranged from 9 (in RhoGEF2 and CG6568) to 27 (in mthl4) and 
haplotype diversity differed significantly among the different genes (glm, F=9.17, DF=6, 
p<0.0001), mostly because haplotype diversity was lower in RhoGEF2 and CG17287 in 
comparison to haplotype diversity among the lines in the other gene fragments. The above 
results are not consistent among all sequenced genes located in the 600kb region on 2R, 
which suggest they have evolved independently and under different types of selection.  
As a preliminary screen for any allele across the polymorphic sites that may be 
associated to high levels of resistance, we examined the allele frequencies of the SNPs that 
were exclusive to the intermediate and high resistant lines. Only one of those could be 
partially associated to a high level of parasitoid resistance, namely a SNP in CG6568 
(CG6568_750_Jal, Figure 3.4), which was also identified by Jalvingh et al (2014) as a SNP 
that had changed significantly in allele frequency after artificial selection for increased 
parasitoid resistance. None of the other "exclusive" SNPs could be tentatively associated to 
the level of resistance of the lines, since most SNPs had similar allele frequencies across all 





Figure 3.4: Barplot of the allele frequencies of the SNP CG6568_750_Jal. Field lines are ordered from low resistant 






























































SNPs that fall above the 95% confidence interva
for being under positive selection, SNPs that fall below the 95% confidence interval are likely candidates for being 
under balancing selection. Black dots represent outlier SNPs, which are a





To evaluate which SNPs (of the 116 in total) were under any form of selection in the field 
lines, an F
an attempted mean neutral F
SNPs were potentially under positive selection, and with a probability of 0.05 seven SNPs 
were under balancing selection (Fig 5). These outlier SNPs 
candidate genes. The remaining 104 SNPs did not show evidence of being under any form 
of selection and are likely to be neutral, based on this outlier test. 




balancing selection). This suggests that the SNPs that were affected by experimental 
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3.3.3 SNP genotyping 
In total 967 larvae were dissected to score their resistance, of which 552 samples gave 
reliable and useable phenotypes. Per line we aimed to genotype 20 samples from the low 
resistant group (0% to 25% melanization around the wasp egg, Table 3.1b) and 20 samples 
from the high resistant group (75% to 100% melanization around the wasp egg, Table 3.1b). 
Due to variation in resistance among the lines we did not reach these balanced sample 
sizes for all lines. Most samples that could not be used did not contain a wasp egg 
(unsuccessful parasitization). The percentage of individuals with a fully melanized capsule 
around the wasp egg differed significantly among lines, ranging from 3.9 to 34.4% (glm, 
Х11=35.67, p<0.001)(Table 1a, "this study 2014"). Fourteen SNPs located in fourteen genes 
(see Table S3 for detailed information) were genotyped in 400 individually phenotyped 
larvae (Table 3.1b) to test for associations between genotype and phenotype within lines. 
These SNPs had changed significantly in allele frequency between the selection and control 
lines in Jalvingh et al., (2014). Eight SNPs were located in the previously mentioned 600kb 
block on chromosome 2R, and six SNPs were located elsewhere in the genome. The latter 
were chosen based on the study in Jalvingh et al., (2014). 
The SNPs from the targeted genes capu and babos showed too many missing or 
uncalled data points to make any reliable conclusions, and where therefore not analyzed 
further. The SNP in gene CG4844 did not show any variation in genotypes for all tested 
individual, except for one low resistant individual from the line BRE which was 
heterozygous C:G instead of the commonly occurring homozygous G:G.  
For the remaining 10 genotyped SNPs, the genotypes did not explain a significant 
part of the variation in encapsulation success in the phenotyped individuals across lines 
(Supplementary Table 3.5). The significant effect of Line on the level of resistance in all 
genes (Supplementary Table 3.5) reflects the collection bias in sample sizes for the resistant 
and susceptible larvae for some of the lines (Table 3.1b).  For the SNP in RhoGEF2 and mbl 
we found a significant interaction between genotype and field line, meaning that per line, 
genotype had a different correlation to phenotype. Furthermore, more heterozygous 
individuals for the SNP in RhoGEF2 were present in the higher resistant lines. Yet, 
heterozygosity at any SNP was also not associated to the individual ability to encapsulate 
wasp eggs.  
To check whether an allele was correlated to encapsulation success within a line, 
we selected a subset of 4 SNPs that showed the highest allele frequency differences 
between susceptible and resistant individuals within a line. For none of these SNPs, we 
found that individuals carrying a particular allele where more resistant than individuals 




chose to genotype are not consistently associated with higher parasitoid resistance, among 
or within lines.  
Using the percentage of melanization around the parasitoid egg (Supplementary 
Table 3.5), rather than the binary success/non-success scores, gave very similar results, and 
could not be explained by the variation in genotypes for the 10 SNPs. This again suggests 
that these SNPs are not consistently associated to the process of hemocyte-capsule 
formation or the melanization process of that capsule. The SNP in CG34207 showed a 
significant interaction between genotype and field line, but this was not associated to their 




In this study we compared genetic variation for a set of candidate loci in 8 field lines of D. 
melanogaster to explain part of the phenotypic variation in parasitoid resistance. These 
field lines were genetically differentiated from each other, as determined from neutral 
markers. We determined SNPs in seven candidate genes for parasitoid resistance among 
natural populations that had significantly changed in allele frequency in selection lines for 
increased parasitoid resistance (Jalvingh et al., 2014). It was expected that some of these 
genes could explain the difference in resistance, while others underwent a genetic sweep 
through the selection process, and were not necessarily related to the trait (Jalvingh et al., 
2014). We analyzed genetic variation, based on sequencing ~400 bp segments of these 
seven genes, to examine the evolutionary processes that acted on these genes. 
Subsequently, we genotyped 6 SNPs located in the seven candidate genes that were 
sequenced, and 8 SNPs located in other potential candidate genes. This was done for 400 
individually phenotyped individuals, but we could not associate any of these 14 SNPs to 
variation in parasitoid resistance. These results lead to the conclusion that high parasitoid 
resistance in these field lines is not determined by a single allele in the gene fragments we 
tested. Instead, we propose that within-line co-adapted gene complexes, consisting of 
different allelic combinations in different field lines, may be of more importance for 
determining resistance than any particular allele. 
Whenever patterns in genetic variation are interpreted, demographic factors that 
may be reflected in the data need to be taken into consideration. Population retraction or 
admixture causes high genetic diversity, while recent expansion events in the populations 
cause high allele frequencies for a few common alleles and a large number of rare alleles, 
leading to lower observed variation than expected under neutrality (Hartl & Clark, 2007). All 
seven candidate genes showed, on average, negative Tajima’s D for nonsynonymous 
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changes, which is consistent with non-neutral patterns of directional selection or loss of 
variation due to selective constraints. Although we cannot rule out any demographic 
factors based on our data, the fact that not all genes show similar results for Tajima’s D for 
synonymous substitutions may indicate that selection is playing a bigger part than 
demographic effects. Furthermore, we did not find any difference between observed and 
expected heterozygosity, which indicates the absence of high levels of inbreeding and the 
admixture of inbred populations. Our analysis on neutral microsatellite markers also 
confirmed this for all but one line, namely STA. This line showed a relatively high positive 
fixation index (STA: 0.217 ± 0.07) when testing neutral markers, which may indicate a loss 
of genetic variation. Furthermore, amino acid diversity is lacking in all sequenced genes for 
this line, accept for mthl4 (Supplementary Table 3.4) and heterozygosity levels are lowest 
for STA (<0.1) for five out of the seven the tested genes.  
The SNPs that were reported in Jalvingh et al (2014) were also identified as 
polymorphic in the field lines, and many more SNPs (116 in total) were identified. The 
patterns in genetic variation for the seven candidate genes differed markedly; not only per 
gene but also per field line for a particular gene. Examining the differences among the lines 
in detail was not possible, as the small sample sizes per line would lead to under-sampling 
of the variation and unrepresentative population estimates (Goodall-Copestake et al., 
2012). The seven candidate genes showed moderately high rates of genetic variation in the 
field lines. The overall diversity was similar to what was found by Obbard et al., (2009) for 
immunity genes, while some of the candidate genes had relatively high nucleotide and 
haplotype diversity (e.g. mthl4). The patterns of nucleotide diversity and Tajima’s D 
indicated signatures of selection, either balancing or purifying/positive, for at least three of 
the seven genes. Fst outlier analysis revealed 12 out of the 116 polymorphic sites that had 
signatures of selection, five being under positive selection, seven under balancing selection. 
Of these outlier SNPs, there was a significant overrepresentation of SNPs described in 
Jalvingh et al., (2014), suggesting that the SNPs that were under selection in the field lines 
overlapped to a large degree with those that had responded to artificial selection for 
parasitoid resistance. Yet, none of these SNPs was consistently associated to high 
resistance across the field lines. 
A similar SNP genotyping assay of the same SNPs was performed in the 
experimental selection lines from which these SNPs were derived. Interestingly, this 
analysis did yield evidence for one of those SNPs to be a possible target of selection 
(Jalvingh et al., in preparation). Thus, while resistance in the field lines was not causally 
determined by any single SNP, one of these SNPs may be causal to the high resistance in 
the artificially selection lines. This supports the notion that selection for increased 




environments and different genetic backgrounds. It also reiterates that local adaptation of 
host populations may lead to diverse, alternative mechanisms to overcome parasitism 
among these populations. In our previous study on phenotypic variation in resistance 
among geographic populations we indeed found that the resistant lines showed substantial 
differences in hemocytic responses to parasitoid attack (Gerritsma et al., 2013). Alternative 
defense mechanisms may have arisen through negative frequency dependent selection, a 
component that may play a significant role in the Red Queen dynamics of host-parasite 
interactions. Genetic diversity is the hosts’ resource in its arms race with its co-evolving 
parasites, as it is what fuels Red Queen dynamics. This may lead to a wide range of 
genotypes that are present within a population, but also in allelic variations that are 
selected under a similar selective pressure among different populations. Different loci, 
alleles and genotypes may lead to resistance against the parasite, depending on the 
environment in which the hosts and parasites interact, but also depending on the genetic 
background from which the individuals are derived. 
A metaphor to describe this combination of factors leading to evolutionary change is the 
dynamic adaptive landscape. It portrays fitness as a function of the allele frequencies at 
many loci. Each peak in the adaptive landscape defines allele frequencies within a 
population for which the fitness is high in that particular environment (Futuyma, 1986). A 
population can be stranded on a submaximal fitness peak in the landscape, because it 
would have to move through a nearby valley to get to the highest fitness peak, which will 
be impeded by natural selection. Therefore, this temporary reduction in fitness can only be 
accomplished by random genetic drift. When the population is shifted through a nearby 
valley by means of genetic drift, it will eventually end up in a region where it will be pushed 
up another local fitness peak by natural selection (Hartl & Clark, 2007).  Through 
environmental changes, however, the fitness of genotypes can also change, and so does 
the adaptive landscape, with the consequence that pits may become peaks, and natural 
selection then brings the population to a new local peak. Since the starting point of the 
genetic composition differs among natural populations, the allelic combinations that 
determine the fitness on the peaks differ per population, while the resulting phenotype 
might very well be the same: resistance through encapsulation against parasitoid wasps.  
Since immunity is complex (Obbard et al., 2009), with many genes involved, the 
genomic basis of resistance might be more flexible, or even labile, than the resulting 
phenotype (Elmer & Meyer, 2011).   This makes it perhaps an impossible task to associate 
similar genotypes of individuals from different populations of D. melanogaster to parasitoid 
resistance. Consistent genotype-phenotype association patterns among lines are only to be 
expected when the same allele would confer a higher parasitoid resistance in all lines. That 
was the implicit assumption for our study on field lines, trying to untangle a linkage block 
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that arose in an artificial experiment. Yet, an alternative hypothesis is that allelic variation 
for parasitoid resistance is highly context-dependent. The influence of any particular allele 
may be strongly dependent on the genetic background and environmental factors that 
have been shaping the evolution of resistance levels in the different lines. We therefore 
recommend to compare the genotypes of resistant and susceptible individuals within a 
population and to associate their phenotypic variation in resistance to genetic variation in a 
genome-wide association study (GWAS). If we could do this for various natural populations, 
we may be able to identify the various evolutionary trajectories that may have led to the 
huge variation that we observe in resistance against parasites. 
In conclusion, we studied the genetic basis of the variation in immune response 
against parasitoids among natural populations of D. melanogaster. We aimed to find actual 
targets of selection for parasitoid resistance within a 600kb block on chromosome 2R that 
showed signatures of selection in a whole-genome comparison of control and selection 
lines for parasitoid resistance (Jalvingh et al., 2014). Although we were successful in finding 
diverse patterns of the genetic variation among natural population in seven genes within 
this 600kb block, we did not obtain concrete evidence for any of our sequenced genes 
being candidates for parasitoid resistance across the natural populations. Our SNP 
genotyping assay, which also included another set of SNPs that were identified in the 
aforementioned experimental selection study, failed to show any consistent associations 
between genotypes and level of resistance. In the context of dynamic evolutionary 
landscapes, however, a lack of consistent associations is perhaps to be expected. For a 
complex trait that evolves both fast and under local and spatially heterogeneous selection 
pressures, we may have to assume that the genetic basis of evolutionary adaptations is 
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3.6 Supplementary material 
Supplementary Table 3.1: Summary of microsatellite markers. Sixteen microsatellite markers were used in four 
multiplex PCR sets (MP1 –MP4). Chromosome location, primer sequences, fluorescent dye color of primer end-
labels and repeat motifs are shown. Allele size range (bp) and number of alleles are based on the tested D. 
melanogaster field lines used in this study. Genetic location (cM), cytological location and Genbank accession 
numbers are given. Synonym names of the markers are given in the last column. Annealing temperature for all 









Supplementary Table 3.2: General information on the candidate genes used in this study. Flybase gene number 
(Fbgn), chromosome location and sense (+) or antisense (-) DNA strand sequence are given. SNP ID and genomic 
position refer to the name and the genomic location of the SNP found in Jalvingh et al., (2014). Type refers to the 
part of the sequence that is amplified that includes the SNP from Jalvingh et al., 2014. Primer sequences, 























MP1 DM21 2L TAATGGGGAATGGGTGAATG GCCGTGCTCTTTTCTCTTACG fam (TG)19 81-131 18 4 22C M97694
X9928573gt(X9) X GTTGTGCCTCTGCCAGTCAGTC GAATTATTTCACGATTATCTTCAGG hex (GT)13 133-145 6 1-30 9B3 -
DM3G 3L TCCTCCTGCTCAACCATTTC TTTAACGATGTCTTGGCGAC hex (GT)13 167-187 8 3-15 64D -
DMU12269 2L TGGGATCCGTGGATCATAGT ATTCGGGAATGAGGACAGTG fam (AAC)7 231-252 7 39 31A1-A3 DMU12269
DM30 3L TATCCTATGCAAACACAGGCC GGCCATAACTGAAAAGCTATGC hex (ACC)5 369-378 4 1.5 62B4-5 L32839
MP2 DM22 2R ACAGCAACAACGGAGCAAC TCTGCAACCTGGGAGTCTG fam (CAG)7 73-79 3 8-87 54F X15657
Tor 2R TGCAGTCATCAATGGCTAATC TGATTTCCCCCGTCCGAAGTG hex (CA)13 98-112 7 56 43B3-C5 -
DROGPAD 2R GAAATAGGAATCATTTTGAATGGC AATTAAAAACAAAAAACCTGAGCG fam (GT)19 171-195 6 60 47A M31129
DMPROSPER 3R CGGTACAAAGTGTGTGTTC GACTTTTAAACATTTAAGATTAATTCC hex (GA)12 195-209 6 50 8.60E+02 Z11743
DMU566661 X TATTTCGCTAACAAACCGGC AACGCGATCACAAACATCAA hex (AC)15 250-282 11 1-9 4F1-F2 U566661
MP3 DM28 2R AGCCACAGCCATGCGTTTAAC CACACGCTGACAGGATCTACT hex (GT)8 93-121 9 101 59a1-b2 -
AC004373 2L AATGCGTGTGTTTGGATGAA GTCCCAGTCTCCCAGTGAAA fam (AT)15 179-191 6 2-12.5 24F1-F2 AC004307
DMC114E2 X CAACTGCAGCAGCAACAAAT ATTCGTAAGTTGCCCGTCTG hex (AT)17 318-324 4 3.5 3D-E Z98254
MP4 DMX2 X CAAGAGATCCCGAGAGAGAGA ACGTGTGCGTGTTGTTTCTC hex (CA)11 79-93 4 57.6 16F3-6 X58188
DM24 2L CATTGGAAAAGTGAGCGGAT CGGACAACAACAAATCGTTG fam (CT)7 131-133 2 17.8 25F5-26A J04567
AF221066 3R GCCGACAATTACTGGCATTT CTTTGCGTCTGTTCAATTGTG hex (TA)16 186-226 13 3-103 100F5 AF221066
Gene Fbgn Chr
DNA 
strand SNP ID Genomic pos SNP Type Forward primer Reverse primer Ta
Amplicon 
(bp)
Ark FBgn0024252 2R + Ark _689_Jal 12911689 Exon TAACCAACAGAAGCACTTGATCAC CCGTTGGTCAAATCCCATACAG 54 408
RhoGEF2 FBgn0023172 2R + RhoGEF2 _133_Jal 12930133 Exon TCTCTTACTGGAGTTCAGTTGCG TGGCAATGTCCACAATCTGGT 52 544
2R RhoGEF2 _160_Jal 12930160 Exon
CG6568 FBgn0034210 2R - CG6568 _750_Jal 13293750 Exon CGATCAACGAGCGTACATGC CAAGCTGTGTTCATCAAGAGG 52 400
Mthl4 FBgn0034219 2R - Mthl4 _812_Jal 13334812 Exon_non-coding AAGGGATCGTGCTTGTTCAG TTTGCGGAGGTTCTTTTGCTA 53 475
2R Mthl4 _827_Jal 13334827 Exon_non-coding
CG11423 FBgn0034251 2R + CG11423 _886_Jal 13483886 Intron TTGGACCACTTGCTGATGCT CATACTGAAGATTGCAAGCTTCG 52 419
CG42649 FBgn0261501 2R - CG42649 _693_jal 13486693 Intron TCCGTATGGATTAAAAGGTGGT TCCACACGAACGTTTCAACA 52 596
2R CG42649 _817_jal 13486817 Intron
2R CG42649 _933_jal 13486933 Intron
CG17287 FBgn0034202 2R - CG17287 _201_Jal 13045201 Exon TGAAGAATGTTCCAGGAATGC TGACCATTGGACTGTTGCTC 50 496
2R CG17287 _210_Jal 13045210 Exon
2R CG17287 _219_Jal 13045219 Exon
2R CG17287 _324_Jal 13045324 Exon
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Supplementary Table 3.3 : SNPs used for the SNP genotyping study of individually phenotyped larvae. Flybase gene 
number (Fbgn), chromosome location and sense (+) or antisense (-) DNA strand sequence are given. SNP ID and 
genomic position refer to the name and the genomic location of the SNP found in Jalvingh et al (2014). SNP refers 
to the polymorphic loci and significance (p) refers to the significant differences in allele frequencies for these 
polymorphic sites between the selection and control populations from Jalvingh et al, (2014). Jalvingh et al (2014) 











Supplementary Table 3.4 (next page): Genetic parameters of sequenced gene fragments summarized per gene, 
per population. Total number of analysed sequences (N_seq), polymorphic sites categorized for synonymous (Syn), 
nonsynonymous (NonSyn) and non-coding positions, and total number of polymorphic sites (Total S) are shown. 
SNPs included in DNAsp analyses are shown between brackets. SNPs not included into the analyses are located in 
Ark: 7 synonymous SNPs, RhoGEF2: 9 synonymous SNPs and Mthl4: 2 non-coding SNPs. Nucleotide diversity (π) 
calculated over all synonymous and nonsynonymous sites grouped together (π) and separately (respectively, πs, 
πa) is shown. When the gene fragment consists of non-coding DNA sequence, nucleotide diversity falls in the 
column π non-coding. Observed (Ho) and expected (He) heterozygosity, number of haplotypes (#h) and haplotype 
diversity (hd), and Tajima’s D for synonymous (D_Syn) and nonsynonymous (D_NonSyn) sites are shown. Summarized 
genetic parameters per gene are shown in bold. Significant values of Tajima’s D are shown in red and italic. * One 
individual from BAY contained a nonsynonymous SNP (position 12911449 in Ark) which translated to a stop-codon. 
** For STA in gene CG42649, sequences of one individual were excluded because it contained a 11 bp gap 
including 2 polymorphic sites, which would be treated as missing data in DNAsp otherwise. Heterozygosity was 








mthl4 FBgn0034219 2R - 01_mthl4 _827 13334827 A/G <0.01
RhoGEF2 FBgn0023172 2R + 02_RhoGEF2 _160 12930160 G/T <0.01
CG42649 FBgn0261501 2R - 03_CG42649 _693 13486693 A/G <0.01
CG17287 FBgn0034202 2R - 04_CG17287 _210 13045210 T/G <0.01
CG4844 FBgn0061354 2R + 05_CG4844 _055 13394055 G/C <0.01
mbl FBgn0261642 2R + 06_mbl_670 13159670 T/C <0.01
lig3 FBgn0038035 3R - 07_lig3 _427 8225427 G/A <0.01
CG31157 FBgn0051157 3R + 08_CG31157 _443 8874443 T/C <0.01
CG18765 FBgn0042110 3R - 09_CG18765 _172 7516172 C/G <0.01
capu FBgn0000256 2L - 10_capu _299 3893299 G/T <0.05
CG34207 FBgn0085236 2R - 11_CG34207 _969 18216969 T/A <0.05
CG6568 FBgn0034210 2R - 12_CG6568 _750 13293750 C/G <0.01
ark FBgn0024252 2R + R3_ark _689 12911689 G/C <0.01
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Supplementary Table 3.5: GLM of individual encapsulation ability and individual genotypes per SNP for the SNP 
genotyping study. The relationship between individual encapsulation ability (a) or the percentage of melanization 
around the parasitoid egg (b) and the individual genotypes was tested per SNP, using the binary ERsuccess and the 
percentage of melanization (MelPerc/100), respectively, as response variable, and the genotypes per SNP 
(Genotype) and field lines (Line) as explanatory variables. To correct for overdispersion we used a quasibinomial 
distribution and used F-statistics to test variables of the model with percentage melanization as response variable. 
 
 
SNP ID df Deviance Resid. df Resid. Dev Pr(>Chi) df Deviance Resid. df Resid. Dev F Pr(>F)
01_mthl4_827 388 468.81 388 466.86
Genotype 2 1.52 386 467.29 0.4673 2 2.44 386 464.43 1.30 0.2731
Line 11 23.78 375 443.51 0.0137 * 11 36.01 375 428.42 3.50 0.0001 ***
Genotype:Line 20 20.30 355 423.21 0.4394 20 18.74 355 409.68 1.00 0.4587
02_RhoGEF2_160 392 473.34 392 469.99
Genotype 2 1.40 390 471.95 0.4967 2 2.81 390 467.18 1.51 0.2214
Line 11 20.41 379 451.53 0.0400 * 11 34.26 379 432.92 3.36 0.0002 ***
Genotype:Line 12 24.02 367 427.52 0.0202 * 12 10.68 367 422.24 0.96 0.4861
03_CG42649_693 398 481.04 398 477.67
Genotype 2 0.70 396 480.33 0.7033 2 2.67 396 475.00 1.43 0.2401
Line 11 20.80 385 459.53 0.0355 * 11 36.15 385 438.84 3.53 0.0001 ***
Genotype:Line 15 8.71 370 450.82 0.8923 15 11.00 370 427.84 0.79 0.6920
04_CG17287_210 396 479.66 396 475.17
Genotype 2 1.31 394 478.35 0.5205 2 2.14 394 473.03 1.17 0.3122
Line 11 21.50 383 456.85 0.0285 * 11 37.25 383 435.78 3.69 0.0001 ***
Genotype:Line 15 19.43 368 437.42 0.1948 15 11.18 368 424.60 0.81 0.6643
06_mbl _670 395 477.19 395 474.40
Genotype 2 0.05 393 477.14 0.9756 2 1.07 393 473.33 0.56 0.5714
Line 11 19.70 382 457.44 0.0497 * 11 32.13 382 441.20 3.05 0.0006 ***
Genotype:Line 19 30.97 363 426.47 0.0406 * 19 13.16 363 428.04 0.72 0.7942
07_lig3_427 396 474.24 396 474.24
Genotype 2 0.48 394 473.76 0.7884 2 0.60 394 473.65 0.33 0.7220
Line 11 22.97 383 450.79 0.0178 * 11 36.18 383 437.47 3.59 0.0001 ***
Genotype:Line 6 10.41 377 440.38 0.1084 6 6.60 377 430.87 1.20 0.3058
08_CG31157_443 363 442.66 363 436.45
Genotype 2 1.33 361 441.32 0.5134 2 1.85 361 434.60 0.98 0.3751
Line 11 18.47 350 422.86 0.0714 . 11 26.83 350 407.76 2.59 0.0036 **
Genotype:Line 21 16.17 329 406.69 0.7603 21 21.20 329 386.57 1.07 0.3784
09_CG18765_172 393 477.57 393 472.74
Genotype 2 0.09 391 477.49 0.9578 2 0.57 391 472.16 0.31 0.7320
Line 11 22.71 380 454.77 0.0194 * 11 35.73 380 436.43 3.53 0.0001 ***
Genotype:Line 13 12.52 367 442.26 0.4858 13 13.20 367 423.23 1.10 0.3535
11_CG34207_969 396 476.07 396 475.62
Genotype 1 0.17 395 475.90 0.6807 1 0.04 395 475.58 0.04 0.8422
Line 11 23.55 384 452.35 0.0148 * 11 35.66 384 439.92 3.65 0.0001 ***
Genotype:Line 6 8.90 378 443.45 0.1795 6 13.72 378 426.20 2.58 0.0185 *
12_CG6568_750 395 477.19 395 474.40
Genotype 2 0.91 393 476.28 0.6341 2 1.11 393 473.29 0.60 0.5502
Line 11 20.01 382 456.26 0.0451 * 11 33.78 382 439.50 3.30 0.0002 ***
Genotype:Line 20 14.58 362 441.69 0.8001 20 18.34 362 421.16 0.99 0.4789
R3_ark_689 392 473.34 392 470.94
Genotype 2 2.86 390 470.48 0.2389 2 2.76 390 468.18 1.47 0.2318
Line 11 21.28 379 449.21 0.0306 * 11 35.44 379 432.73 3.43 0.0002 ***
Genotype:Line 22 30.09 357 419.12 0.1164 22 28.91 357 403.82 1.40 0.1111
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Immune receptors are at the interface of host-pathogen interactions and are therefore 
likely to diverge fast due to co-evolution. In an earlier study, we found divergence in some 
receptors that are up-regulated after parasitoid attack in several Drosophila species. The 
level of expression of one of these receptors, Tep1, correlated with the level of 
immunological resistance of the species. To test whether the large observed divergence 
among species in these receptors is also associated with high levels of polymorphisms 
among populations, we sequenced DNA fragments of five immune receptors. For this, we 
used eight field lines of D. melanogaster that differ in resistance against the parasitoid A. 
tabida. Only one of the five genes, Tep1, showed considerable sequence variation. This was 
reflected in high heterozygosity, particularly in four SNP sites, which were likely under 
balancing selection, as was indicated with an Fst outlier analysis. Expression of this gene was 
measured in four of the field lines after parasitoid attack, and it was up-regulated in all 
lines, with subtle differences in the timing and level of expression among lines. The 
observed large genetic variation in Tep1 may reflect the co-evolutionary dynamics with 
parasites, and resembles the hyper-variability that is observed in the Major 







Immune genes are among the most rapidly changing genes in the genomes (Christophides 
et al., 2002; Nielsen et al., 2005; Sackton et al., 2007; Obbard et al., 2009b; McTaggart et 
al., 2012). Both the high parasite diversity and the dynamic co-evolution between parasites 
and hosts impose unrelenting and diversifying selection pressures on the host’s immune 
system. High diversity has been found particularly in immune receptors that bind directly to 
parasites (Hughes & Nei, 1989; Little & Cobbe, 2005; Jiggins & Kim, 2006; Dishaw et al., 
2010). This interaction between receptors and parasites is a crucial step to either trigger or 
guide the immune response to an efficient clearance of the parasite. Studying immune 
receptors is essential to the understanding of mechanisms for non-self recognition, the 
activation of immune signaling pathways, and the overall effectiveness of the immune 
response.  
One of the best documented examples of diversity in an immune receptor is the 
Major Histocompatibility Complex (MHC), which harbours an unprecedented level of 
diversity in terms of both nucleotide substitutions among species and polymorphisms 
among populations (Maruyama & Nei, 1981; Parham et al., 1989; Hughes & Yeager, 1998; 
Klein et al., 2007). The MHC encodes cell-surface glycoproteins that bind antigens derived 
from pathogens and present them to T-lymphocytes to trigger the immune response 
against parasites (Penn & Ilmonen, 2005). The variation in MHC genes is generally 
concentrated in the amino acid residues that are part of the peptide-binding region. 
Evidence shows that this is the outcome of balancing selection rather than a consequence 
of higher mutation rates (Hughes & Yeager, 1998). To explain the great diversity present in 
MHC two selective forces have been suggested: 1) selection favouring heterozygosity and 
2) frequency-dependent selection (Hughes & Nei, 1989; Borghans et al., 2004). The precise 
mechanism by which diversity in MHC confers an advantage remains elusive, regardless of 
the efforts to establish the implications of decrease in diversity on fitness in laboratory and 
wild populations (Sommer, 2005). 
Several classes of genes in the innate immune system also show high levels of 
polymorphism and signs of adaptive evolution across species, closely resembling MHC 
(Watson et al., 2005; Dong et al., 2006; Jiggins & Kim, 2006; Dishaw et al., 2010). The innate 
immune system consists of humoral factors that are released to attack pathogens, and 
cellular components, such as the proliferation and differentiation of specialized blood cells 
(hemocytes) that can phagocytize or encapsulate foreign bodies. While the homology and 
conservation in immune signal transduction pathways is strongly conserved even across 
large phylogenetic distances (e.g., JAK/Stat, Notch, NF-κB) (Williams, 2007; Fauverque & 
Williams, 2011)), some subsets of the immune genes have diversified extensively. In a 
 Genetic variation of Tep1 
81 
 
previous comparative genomics study on the evolution of the cellular immune response in 
Drosophila, we showed that genes involved in hemopoiesis are highly conserved across 
Drosophila species, but in contrast, large genetic diversity and paralogy was found in other 
subsets of immune genes, especially those that are likely to interact directly with the 
pathogens or parasites (Salazar-Jaramillo et al., 2014). 
Different types of parasites can attack Drosophila, from micro-parasites (fungal 
and bacterial) to macro-parasites (parasitoid wasps, nematodes and mites) (Kraaijeveld & 
Wertheim, 2009). The immune response against micro- and macro- parasites differ to some 
degree because micro-parasites can be neutralized by effector molecules (e.g., 
antimicrobial peptides) and phagocytized, while macro-parasites are too big to be 
phagocytized. Some macro-parasites, such as parasitoid wasps, are sequestered by a 
multicellular layer of specialized cells. Parasitoids infect other insects by injecting an egg, 
which develops at the cost of the host. For the host to survive the parasitoid infection the 
egg needs to be encapsulated and melanized by means of specialized blood cells that 
proliferate and differentiate upon infection. In D. melanogaster three types of blood cells 
have been described: 1) plasmatocytes which perform phagocytosis of bacteria and other 
small pathogens and are also recruited in the cellular capsules around parasitoid eggs, 2) 
lamellocytes, which are large, adhesive and flat cells and important for the formation of the 
cellular layer around the parasitoid egg; and 3) crystal cells, which store the precursors of 
the melanin that is deposited on invading pathogens (Pech & Strand, 1996; Williams, 2007; 
Fauverque & Williams, 2011).  
While great progress has been made in revealing the mechanisms for recognition 
of micro-parasites by pattern-recognition receptors (e.g. PGRPs, GNBPs) (Ferrandon et al., 
2007), the recognition of macro-parasites is less well understood. Several hemocyte 
receptors showing high diversity have been suggested to play an important role in the 
encapsulation of macro-parasites, such as the C-type lectin Lectin-24A (Keebaugh & 
Schlenke, 2012) and the integrin αPS4 (Salazar-Jaramillo et al., 2014), although their 
function and binding mechanisms are not well understood. These proteins could possibly 
have a function in self- and non-self recognition, or in guiding the hemocytes towards the 
parasitoid eggs. 
A different type of protein that may be involved in non-self recognition in 
invertebrates is the Thioesther-containing protein (Tep), which have been described, 
among others, in Drosophila (Jiggins & Kim, 2006; Aoun et al., 2011), mosquitoes (Blandin & 
Levashina, 2004; Obbard et al., 2009a) and Daphnia (Little & Cobbe, 2005). These Teps 
contain a central hypervariable region, which shows homology to domains in vertebrates 
that are important for binding to the parasite (i.e., the bait domain of the α2 macroglobulin 




extracellularly and bind to pathogens (Stroschein-Stevenson et al., 2006), acting as an 
opsonin to enhance phagocytosis by plasmatocytes. In Drosophila there are six Tep genes 
encoded in the genome (Aoun et al., 2011), from which Tep1 and Tep2 have been found to 
be under positive selection (Jiggins & Kim, 2006; Sackton et al., 2007; Salazar-Jaramillo et 
al., 2014).  
Previously, we showed that Tep1 arose as a recent duplication in the melanogaster 
group (Salazar-Jaramillo et al., 2014). This makes it a particularly interesting putative 
receptor for macro-parasite recognition. The monophyletic clade that has the Tep1 gene 
contains a number of Drosophila species capable of lamellocyte-mediated encapsulation, 
while species outside the clade do not produce lamellocytes and are mostly not able to 
survive after parasitoid infection (Salazar-Jaramillo et al., 2014). Within this clade the level 
of immunological resistance against parasitoid infection varies largely among species, 
including one species, D. sechellia, where the ability to encapsulate has secondarily been 
lost. Interestingly, a deletion of four exons in Tep1 was found in D. sechellia, while the exon 
structure was conserved among the other species of the clade. Moreover, large differences 
in the level and speed of expression of Tep1 were found when comparing sister species 
with different levels of resistance (Salazar-Jaramillo et al., 2014). Tep1 is expressed in 
Drosophila in hemocytes (lamellocytes and plasmatocytes (Irving et al., 2005)), lymph 
glands (the hemopoeitic organ in Drosophila larvae) and larval fat body (the equivalent of 
the vertebrate liver) (Aoun et al., 2011), which are the main tissues involved in larval 
immunity. Tep1 is up-regulated after infection with bacteria and parasitoid wasps, 
suggesting that it plays a role in the immune response against both micro-parasites and 
macro-parasites (Lagueux et al., 2000; DeGregorio et al., 2002; Wertheim et al., 2005; 
Schlenke et al., 2007).  
In this study, we aim to quantify genetic variation in several immune receptors 
that may be involved in the recognition of the parasitoid eggs. Whereas we previously 
compared species that showed large variation in the immune response to parasitoids, we 
now exploit the large variation that exists among natural populations of D. melanogaster 
(Gerritsma et al., 2013; Kraaijeveld and Godfray, 1999). We characterized the sequence 
variation in five (putative) immune receptors that are up-regulated after parasitoid attack 
(Tep1, two PGRPs, Lectin-24A and αPS4). For this we sequenced DNA fragments for these 
five genes in eight field lines of D. melanogaster, collected in Europe with well-
characterized phenotypic variation in resistance against one of its natural parasitoids, the 
wasp Asobara tabida (Gerritsma et al., 2013).  We expected to find large genetic variation 
among the field lines, which would indicate that the receptors are under balancing 
selection or antagonistically co-evolving with parasitoids. Of the five receptors, only Tep1 
showed considerable sequence variation in terms of polymorphisms and heterozygosity. 
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For Tep1, we also characterized the variation in its expression pattern after parasitization in 
four of the field lines. Based on our previous comparison across species, we expected to 
find high sequence diversity in the immune receptors among field lines and to find variation 
in the level and speed of expression of Tep1.  
 
 
4.2 Materials and Methods 
4.2.1 Insect lines 
The D. melanogaster lines were collected from natural populations in Europe in the 
summer of 2009. Lines showed substantial genetic differentiation, as indicated by an 
average pair-wise Fst value of 0.148±0.014 (Chapter 3, this thesis). More details on these 
lines and measurements of resistance against Asobara tabida can be found in Gerritsma et 
al. (2013) (Table 4.1). In short, they differ in their ability to encapsulate A. tabida eggs, 
measured as the percentage of parasitized larvae that had fully melanized a parasitoid egg, 
96 hours post-parasitization. All flies were kept as mass cultures (>>1000 individuals / line / 
generation) at 20 °C under a dark: light regime of 12:12 in quarter pint bottles containing 
30mL standard medium (26 g/L inactivated yeast, 54 g/L sugar, 110.5 mM nipagin solution, 
solved in water). The A. tabida strain TMS was established as an isofemale line in 2010 from 
a cross between two lines, one originally collected from Sospel (France) and the other from 
Pisa (Italy) and is a moderately virulent parasitoid wasp strain. TMS has been maintained on 
D. melanogaster at 20 °C under a dark:light regime of 12:12.  
 
Table 4.1: Information of ﬁeld lines: collection site, resistance levels and population differentiation based on 
polymorphisms inTep1. Pairwise Gst (Nei) shown above diagonal, Fst (Wright) is shown below diagonal for eight 






BAY STA GRO BRE INN KAL ARL GOT
BAY Bayreuth, Germany 3.7 - 0.065 0.048 0.031 0.071 0.039 0.038 0.035
STA St Andrews, Scotland 3.3 0.036 - 0.066 0.020 0.055 0.026 0.093* 0.032
GRO Groningen, Netherlands 15.6 0.015 0.041* - 0.043 0.062* 0.022 0.049 0.048
BRE Bremen, Germany 25.9 -0.006 -0.006 0.011 - 0.049 0.014 0.043 0.011
INN Inssbruck, Austria 27.9 0.038 0.029 0.032* 0.016 - 0.035 0.072* 0.058
KAL Kaltern am See, Italy 44.4 0.005 0.001 -0.008 -0.018 0.005 - 0.049 0.022
ARL Arles, France 45.5 0.000 0.064* 0.015 0.005 0.038* 0.015 - 0.039
GOT Gotheron, France 46.4 0.000 0.007 0.018 -0.022 0.026 -0.009 0.003 -
BAY STA GRO BRE INN KAL ARL GOT
Pairwise G st  (Nei)
Line Location % Resistance




4.2.2 DNA amplification and sequencing 
To sequence gene fragments of the five putative immune receptors, DNA was extracted 
from six females per field line (for eight field lines, Table 4.1) using a high salt protocol 
without chloroform based on Aljanabi and Martinez (1997). Tissue was homogenized in 400 
µl homogenizing buffer (0.4M NaCl, 10 mM Tris-HCl pH 8.0, 2 mM EDTA) using tip-melted 
filter tips. After homogenizing, 40 µl of 20% SDS and 8.5 µl of 10 mg/ml proteinase K 
(200µM final concentration) were added and mixed well. The samples were incubated for 
1h at 55 °C, after which 190 µl of 6M NaCl (35g NaCl saturated in 100ml MQ was added to 
each sample. Samples were vortexed for 30s at full speed and then centrifuged for 30 min 
at 10000g at RT. The supernatant was transferred to new tubes and an equal volume of ice-
cold isopropanol was added to each sample, vortexed and incubated for 1h at  -20 °C. 
Samples were centrifuged for 30 min at 15000g RT. The supernatant was removed and the 
pellet washed 3x with 70% ethanol, dried and suspended in 20µl MQ. 
Pairs of primers were designed to amplify fragments of Tep1, PGRP-SB1,PGRP-LB, 
Lectin-24A and αPS4. Amplicon lengths were of approximately 500 bp (for Tep1 three 
fragments were sequenced). The primers were designed using PerlPrimer v1.1.21 
(Marshall, 2004) (Table S1). Primers were diluted to a working solution of 10µM for PCR 
and a solution of 5 µM for sequencing. A 1:10 dilution of the extracted DNA was used as 
template for PCR. After amplification with a standard PCR (3 minutes on 94 °C, 35 cycles of 
94 °C for 25 seconds, melting temperature for 45 seconds and 72 °C for 45 seconds, 72 °C 
for 7 minutes), products were purified from excess primers, dNTPs and polymerases by 
adding the following reaction mix: 0.08 µl ExoI (sExonuclease I, 20U/µl), 0.12 µl FAP (FastAP 
thermosensitive alkaline phosphasate, 1U/µl) and 3.8 µl MQ to 5 µl of the PCR product. This 
was then heated to 37 °C for 30 min to activate the enzymes after which the mix was 
heated to 80 °C for 15 min to deactivate the reaction. The product was sequenced by the 
commercial company GATC Biotech, Germany, using single-read Sanger sequencing with 
standard protocol. Per individual sample, both the forward and reverse sequences were 
obtained to eliminate sequencing errors. 
Sequence products were processed with CLC Genomics Workbench using the 
function “second peak calling” (25 %) to identify heterozygotes, and aligned with ClustalW 
(Larkin et al., 2007). Sequence errors and low quality bases were manually removed. A 
consensus sequence was created by combining the forward and reverse sequences and by 
concatenating multiple fragments of one gene (only for Tep1). The gene sequences were 
aligned to the reference transcript (obtained from Flybase) using GMAP (Wu & Watanabe, 
2005). Gene Sequences were manipulated and analysed with customized scripts in Python 
and R (R Development Core Team, 2008). Population genetic parameters for Tep1 were 
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estimated for all individuals pooled using Egglib (De Mita & Siol, 2012) and the R package 
Adegenet (Jombart, 2008). Genetic diversity estimators, Fst and Gst (Nei, 1973), were 
calculated using GenAlEx 6.5 (Peakall & Smouse, 2012). Deviation from neutrality of the 
SNPs was tested using an outlier analysis with Fdist implemented into the software LOSITAN 
(Beaumont & Nichols, 1996, Antao et al., 2008). Default parameter settings were used for 
the analysis: 50 000 simulations with a confidence interval of 0.95 and false discovery rate 
set to 0.1, 8 populations, subsample size of 12 loci (SNPs). Loci were considered as 
candidates for positive selection above a probability level of 0.95, and under balancing or 
frequency dependent selection when probability levels were below 0.05. 
To test copy number variation in Tep1, we performed a qPCR on genomic DNA of 
23 samples on five different populations (6 BAY, 5 KAL, 1 ARL, 5 STA, 6 GOT; see Table 1 for 
the abbreviations), taking as endogenous control the gene αTub84B. All samples were 
diluted to the final concentration of 20 ng/μl. Two technical replicates were used for all 
lines. The data were analysed similarly as for mRNA (see below subsection “Gene 
expression”). 
 
4.2.3 Gene expression 
Two highly resistant field lines (collected in Gotheron, France and Kaltern am See, Italy) and 
two low resistant field lines (collected in Saint Andrews, UK and Bayreuth, Germany) (Table 
4.1) were used to test differential expression of Tep1 at four time points after parasitization 
using quantitative real-time PCR (RT-qPCR). Larvae that were not exposed to the parasitoid 
were used as controls and were sampled at the same time points.  
To collect larvae at several time points after parasitoid attack, fifty second-instar 
larvae were exposed to one parasitoid female. Of the exposed larvae, at least 40 parasitized 
larvae, for which oviposition was observed for at least 10 seconds, were collected per field 
line per time point. The wasps were replaced after successful parasitization of eight larvae, 
and the total collection period per line per time point was approximately 30 minutes to 
minimize variation in larval development. Parasitized larvae were transferred to a new petri 
dish to allow development for a fixed period of hours (h) (3h, 6h, 24h, 48h) when sampling 
took place. Each sample per time point per line consisted of five pooled larvae. Samples 
were snap-frozen in liquid nitrogen and stored at -80 °C until RNA extraction. Three 
biological replicates were collected per line and time point. In the control group larvae 
were treated similarly as the parasitized group except no wasp was introduced.  
RNA was extracted in 1 ml of Trizol (Invitrogen, Carlsbad, CA, USA) using a pestle 
for tissue disruption. Purification was performed with QiaGen RNeasy plus mini kit (Qiagen, 




was present in the samples, genomic DNA digestion was performed with DNAse (QiaGen) 
on the columns. cDNA was synthesized from 10 μl of purified RNA using Revert Aid RT 
(Thermo scientific). The qPCRs were performed in total volumes of 25 μl per reaction in an 
Applied Biosystems 7300 Real Time PCR System, using Absolute QPCR SYBR Green ROX mix 
(Abgene, Hamburg, Germany). Three technical replicates were used for each sample. 
Gene expression of Tep1 was analysed using the R package qpcR (1.3-7.1) (Ritz & 
Spiess, 2008). Forkhead domain 68A (FD68A) and α-Tubulin at 84B (αtub84B) were used as 
endogenous reference genes. The median of three technical replicates was obtained for 
each of three biological samples. Quantification was based on the window-of-linearity 
method that incorporates individual PCR efficiencies for each sample to calculate the initial 
concentration (N0) for genes. The N0 of the target gene per biological replicate was 
standardized to the geometric mean of the N0 of the two reference genes (Vandesompele 
et al., 2002). Statistical differences were estimated with an ANOVA on the standardized 




4.3.1 Sequence variation 
Fragments of five putative immune receptors were sequenced for eight field lines that 
varied in resistance against A. tabida (Tables 4.1 and 4.2). The expression of these 
receptors is induced by parasitoid infection (Wertheim et al., 2005). One of these 
receptors, PGRP-LB1, had no polymorphic sites for the 48 individuals that we tested. Three 
of these receptors had 1-4 polymorphic sites, including only one non-synonymous 
substitution. In contrast, Tep1 showed 29 polymorphic sites, of which the majority was 
exonic (n=23), and of this, 17 non-synonymous SNPs. No fixation was found in any of the 
polymorphic sites, all contained a mixture of homozygous and heterozygous individuals for 
each site (Figure 4.1).  
Standard population genetic parameters were determined for Tep1 for the pool of 
individuals of all field lines (Table 4.3). Although there was a trend for a skew towards rare 
genetic variants (negative value for Tajima’s D), this was not significant. An Fst outlier 
analysis with a simulated mean Fst of 0.098 and an attempted mean neutral Fst of 0.116 
indicated that there was deviation from neutrality for four SNPs in Tep1 and one SNP in 
αPS4. The outlier in αPS4 falls above the 95% CI, which suggests it is under positive 
selection, while the outliers from Tep1 fall below the 95% CI, indicating they may be under 
balancing selection (Figure 4.2). An excess of observed heterozygosity with respect to 
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expected values was found for the four outlier SNPs in Tep1 (Figure 4.3 and Figure 
Supplementary Figure 4.1). Two of these sites lead to a non-synonymous change. A possible 
scenario for an excess of heterozygosity is the presence of multiple gene copies for Tep1. 
We tested this hypothesis through DNA qPCR of a fragment of Tep1 and found no 
significant deviation from a 1:1 ratio with respect to the endogenous control (t22 = 0.582; P 
= 0.566). Of the 13 haplotypes found (Table 4.2), none was common or a high frequency 
haplotype, nor was any haplotype exclusive to a field line.  
 
 
Table 4.2: Polymorphic sites in DNA fragments of five immune receptors. Sequences were obtained for 48 














Figure 4.1 (next page): Distribution of Tep1 SNPs and genotypes. A): Proportion of the 48 individuals containing 
the minor allele for each SNP position (indicated in the x-axis) and a schematic representation of the exonic 
structure of the gene (in dark-gray the sequenced fragment). B): Distribution of genotype proportions 




Tep1 6 17 6 29
Lectin24-A 1 0 0 1
αPS4 3 0 0 2
PGRP-LB1 0 0 0 0
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π θW Tajima's D
Number Diversity
0.0045 0.006 -0.7 n.s. 13 0.67
Haplotype
 
Table 4.3: Summary of population genetics parameters for Tep1 across 48 individuals from 8 populations. π: 
average pair-wise difference, θW: Watterson estimate of 4Nµ, Tajima’s D: estimators of deviation from neutrality. 
n.s.: non-signiﬁcant p-value, estimated with the python package eggcoal from 100 simulations with parameters 










Figure 4.2: Fst outlier analysis of deviation from neutrality in SNPs of all genes. SNPs for four receptors (one gene 
did not show any polymorphisms) are labelled with the receptor name and the SNP site. All SNPs located between 
the 95% conﬁdence interval lines do not show evidence for any type of selection. One SNP from αPS4 (“alpha30”) 
is located above the top line, indicating it may be under positive selection. Four SNPs from Tep1 (Tep1409, 




Estimation of the genetic differentiation of populations based on the SNPs in Tep1 
using pairwise comparisons of Gst and Fst showed substructuring among some 
populations (Table 4.1). There was no clear association between the combined 
minor allele frequencies across all 29 polymorphic positions and either the level of 





Figure 4.3: Heatmap of the Tep1 allele frequencies. The ﬁgure shows the clustering of eight ﬁeld lines, according 
to the minor allele frequencies in each of the 29 polymorphic positions. The level of parasitoid resistance for each 
ﬁeld line is provided by color coding on the left of the heatmap. Asterisks indicate non-synonymous SNPs. 
 
4.3.2 Gene expression 
The previous finding that resistance levels among different species correlated significantly 
with differences in the expression of Tep1 (Salazar-Jaramillo et al., 2014), motivated us to 
test whether a similar pattern could be found among four field lines with very different 
levels of resistance (STA, BAY, KAL, GOT) against A. tabida (Table 4.1). We performed RT-
qPCR on groups of parasitized larvae and the corresponding non-parasitized controls along 
a time course. Tep1 was induced after parasitization in all populations (ANOVA, F1,61 = 84.6; 
P = 0.011). The level of expression of both control and parasitized individuals changed over 
time (ANOVA, F3,61 = 4.02; P < 0.001), but this induction was only marginally different 
among the populations (ANOVA, F3,61 = 2.19; P = 0.0982) (Figure 4.4). Thus, the level, or 
speed of expression may be correlated with the resistance level of the populations, but this 
correlation is either weak or the differences between populations are too subtle to be 
detected with our samples sizes. 





Figure 4.4: Time series of Tep1 expression in four ﬁeld lines. Log-transformed normalized expression of Tep1 for 
four time points in parasitized and control groups of four populations that diﬀer in resistance: High (“GOT” and 




Our aim was to study the genetic variation of immune receptors involved in the cellular 
response in field lines of D. melanogaster to parasitoid wasps. Many studies on genetics of 
Drosophila immunity are carried out using pathogens that are not known to infect 
Drosophila in nature (Keebaugh & Schlenke, 2012), which makes it difficult to interpret the 
genetic variation in relation to the ecological context where organisms live. Here we used 
eight field lines with a clear difference in resistance against one of its natural parasites, the 
parasitoid wasp A. tabida. The variation in resistance among these field lines has been 




variation has been associated to local abundance and virulence of the parasitoids and the 
presence of alternative hosts (Kraaijeveld & Godfray, 1999). 
We first characterized the sequence variation of five immune receptors that had 
previously been found to change expression after parasitoid attack. Only Tep1 showed 
considerable polymorphism levels. The low level of sequence variation in the other 
receptors was surprising given that polymorphisms in PGRPs and GNBPs (involved in the 
recognition of microbial cell wall) have been associated with resistance to bacterial load 
(Sackton et al., 2010) and adaptive evolution has been reported for Lectin-24A (Keebaugh & 
Schlenke, 2012). The high diversity found in Tep1 confirms previous work on Tep genes in 
Drosophila (Jiggins & Kim, 2006) and in other arthropods (Little & Cobbe, 2005; Obbard et 
al., 2009a). In contrast to other studies, we did not find fixation of a particular SNP in any of 
the populations nor a dominant or exclusive haplotype to a population. Instead, we found 
high levels of heterozygosity and indications for balancing selection for four SNPs. 
The excess of heterozygotes at four sites within Tep1, of which two lead to non-
synonymous changes, is intriguing. We tested for multiple gene copies of Tep1 in our lines, 
and found none in 23 tested samples. Although only speculative at this stage, it is possible 
that the high heterozygosity at specific sites constitutes a signature of the interaction with 
parasites. As in the case of MHC, it remains unclear what type of selection would be 
responsible for such high variation and how is it maintained. Theoretical models inspired on 
MHC suggested that heterozygote advantage alone is insufficient to account for the 
observed high degree of polymorphism in MHC (Borghans et al., 2004), whereas negative 
frequency dependent selection can produce a large variety of rare alleles and high 
heterozygosity levels. It remains to be determined if the same would apply to the high 
variability and excess of heterozygotes in Tep1.  
We also examined the variation in expression of Tep1 in four of the eight field 
lines. We confirmed that this gene is up-regulated after parasitization in all field lines, and 
shows subtle differences in the expression profile among lines. While the increase in 
expression of Tep1 after parasitization would be consistent with an induction upon 
parasitoid attack, this increase could also reflect the proliferation of hemocytes (where 
Tep1 is expressed), a process that typically occurs after parasitization. Currently, we cannot 
disentangle the two effects, but further expression studies on a broader repertoire of 
genes, including hemocyte-specific genes and other Tep genes, should help to tease apart 
the role of its up-regulation.  
Whereas Teps are shown to function as opsonins to bacteria, we hypothesize that 
Tep1 may have an important function in the immune response against parasitoids, for 
example, in guiding the cells that form the capsule towards the parasitoid egg. In such a 
scenario, Tep1 would function in non-self recognition and interact directly with the 
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parasitoid egg. The high sequence variation in particular domains of the protein could have 
evolved under balancing selection or Red Queen dynamics. Based on these combined 
findings, we decided to attempt a functional characterization of Tep1 in the immune 
response against parasitoids.  In Box 1 of this thesis, we present our experiments for a 
gene-expression knock-down study of Tep1 using the GAL4/UAS system. 
Studying the molecular mechanisms of recognition of foreign bodies is 
fundamental to the understanding of immunity and its great diversity (Litman et al., 2010). 
The study of MHC has enormously contributed to this field. Most animals, however, lack 
antibody-based immunity and yet possess an efficient immune system able to recognize 
and eliminate foreign bodies. In invertebrates, highly variable gene families have been 
described recently (e.g., Dscam in insects and FREPs in molluscs), which may be involved in 
pathogen-specific immune response, but their exact role and mechanism of recognition 
remains unknown (Dong et al., 2006; Bowden et al., 2007). The study of immune molecules 
with large genetic variation in invertebrates may help in understanding the evolution of 
hypervariable immune molecules, including MHC. Here, we focused on Tep1, one 
hypervariable molecule, which has recurrently been associated with the immune response. 
We found consistent up-regulation after parasitoid attack of Tep1 among natural 
populations, and subtle differences in expression between natural populations. We found 
that this gene harboured levels of polymorphism much larger than other immune 
receptors, and high heterozygosity levels concentrated at particular sites. Although the 
exact role of Tep1, particularly in the immune response against parasitoid wasps, remains 
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4.6 Supplementary material 








Supplementary Figure 4.1: Excess of heterozygosity in Tep1. For each SNP position, the expected heterozygosity 
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ďĂĐŬŐƌŽƵŶĚ͕ƚŽƉƌŽĚƵĐĞŵŽƌĞŽĨƚŚĞĐŽŵƉůĞŵĞŶƚĂƌǇƐĞƋƵĞŶĐĞƚŽƚŚĞƚĂƌŐĞƚŐĞŶĞdĞƉϭ͘tĞ
ĐŽŵďŝŶĞĚƚǁŽĚŝĨĨĞƌĞŶƚdĞƉϭĐŽŶƐƚƌƵĐƚƐ͕ĞĂĐŚůŽĐĂƚĞĚŽŶĂĚŝĨĨĞƌĞŶƚĐŚƌŽŵŽƐŽŵĞ;sZ͕
dĞƉ͕ ƚƌĂŶƐĨŽƌŵĂŶƚ /͗ ϯϬϴϳϯ͕ ĐŚƌŽŵŽƐŽŵĞ ϯ ĂŶĚ dĞƉ͕ ƚƌĂŶƐĨŽƌŵĂŶƚ /͗ ϭϬϴϵϬϴ͕
ĐŚƌŽŵŽƐŽŵĞ ϮͿ͕ ŝŶ ƚŚĞ ƐĂŵĞ ǁϭϭϭϴ ďĂĐŬŐƌŽƵŶĚ ďǇ ĐƌŽƐƐŝŶŐ ƚŚĞƐĞ ƚƌĂŶƐŐĞŶŝĐ ůŝŶĞƐ ƚŽ
ďĂůĂŶĐĞƌ ƐƚŽĐŬƐ ĂŶĚ ŝŶƚĞƌĐƌŽƐƐŝŶŐ ƚŚĞ &ϭ͘ ^ĞĐŽŶĚůǇ͕ ǁĞ ĂƚƚĞŵƉƚĞĚ ƚŽ ŝŶĐƌĞĂƐĞ ƚŚĞ '>ϰ
ĂĐƚŝǀŝƚǇďǇ ŝŶĐƌĞĂƐŝŶŐƚŚĞƚĞŵƉĞƌĂƚƵƌĞĂƚǁŚŝĐŚƚŚĞĨůŝĞƐǁĞƌĞŬĞƉƚĂĨƚĞƌƉĂƌĂƐŝƚŝǌĂƚŝŽŶ͕ĂƐ
ƚŚĞ'>ϰĂĐƚŝǀŝƚǇ ŝƐŵŝŶŝŵĂůĂƚϭϲΣĂŶĚŽƉƚŝŵĂůĂƚϮϵΣ ;ƵĨĨǇ͕ϮϬϬϮͿ͘tĞ ƌĞƉĞĂƚĞĚ ƚŚĞ
ƉĂƌĂƐŝƚŝǌĂƚŝŽŶ ĂƐƐĂǇƐ ǁŝƚŚ ͘ ƚĂďŝĚĂ Ăƚ ϮϱΣ͕ ĂůƚŚŽƵŐŚ ƚŚŝƐ ƉĂƌĂƐŝƚŽŝĚ ŚĂƐ ĂŶ ŽƉƚŝŵĂů
ƚĞŵƉĞƌĂƚƵƌĞ ŽĨ ϮϬΣ͘ hŶĨŽƌƚƵŶĂƚĞůǇ͕ ͘ ƚĂďŝĚĂ ƐƵĨĨĞƌƐ ŐƌĞĂƚůǇ Ăƚ ŚŝŐŚĞƌ ƚĞŵƉĞƌĂƚƵƌĞƐ͕







ĂĨƚĞƌ ƉĂƌĂƐŝƚŝǌĂƚŝŽŶ ǁŝƚŚ ZdͲƋWZ͕ ĂƐ ĚĞƐĐƌŝďĞĚ ĂďŽǀĞ͘ dŚĞ ĞǆƉƌĞƐƐŝŽŶ ŽĨ dĞƉϮ ǁĂƐ ĂůƐŽ
ƋƵĂŶƚŝĨŝĞĚƚŽĐŚĞĐŬǁŚĞƚŚĞƌŬŶŽĐŬͲĚŽǁŶŽĨĨƚŚĞĞǆƉƌĞƐƐŝŽŶŽĨdĞƉϭĐŽƵůĚďĞĐŽŵƉĞŶƐĂƚĞĚ
ďǇ Ă ĐůŽƐĞůǇ ƌĞůĂƚĞĚ ŐĞŶĞ ;ƉƌŝŵĞƌƐ ƵƐĞĚ͗ dĞƉϮď ĨŽƌǁĂƌĚ dd''dd'd'd
ĂŶĚƌĞǀĞƌƐĞ'dd'dd'd';DĂƌƐŚĂůů͕ϮϬϬϰͿͿ͘^ŝŶĐĞǀĂƌŝŽƵƐĞǆƉĞƌŝŵĞŶƚĂůĂŶĚ
ĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶĚŝƚŝŽŶƐŶĞĞĚĞĚƚŽďĞĐŽŶƐŝĚĞƌĞĚŝŶƚŚŝƐĞǆƉĞƌŝŵĞŶƚĂůƐĞƚƵƉ͕Ğ͘Ő͘ƚŚĞĚĂƚĞ










ǆƉĞƌŝŵĞŶƚ ϭ ŐĂǀĞ Ă ǁĞĂŬůǇ͕ ďƵƚ ƐŝŐŶŝĨŝĐĂŶƚůǇ ƌĞĚƵĐĞĚ dĞƉϭ ĞǆƉƌĞƐƐŝŽŶ ŝŶ ƚŚĞ ĐƌŽƐƐĞƐ
ĐŽŶƚĂŝŶŝŶŐ ƚŚĞ ĐŽŶƐƚƌƵĐƚ ;h^ͲdĞƉϭͿ͕ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ĐƌŽƐƐ ǁŝƚŚŽƵƚ ƚŚĞ h^ͲdĞƉϭ
ĐŽŶƐƚƌƵĐƚ;Ă'>ϰͬнͿ;EKs͕&Ϯ͕ϭϬсϱ͘ϲϯ͕WсϬ͘ϬϮ͖&ŝŐƵƌĞϮ͕ĞǆƉĞƌŝŵĞŶƚϭͿ͘&ŽƌďŽƚŚƚŚĞ
Ă'>ϰͬh^ͲdĞƉϭŬŶŽĐŬͲĚŽǁŶĐƌŽƐƐĂŶĚƚŚĞнͬh^ͲdĞƉϭĐŽŶƚƌŽůĐƌŽƐƐ͕ĞǆƉƌĞƐƐŝŽŶŽĨdĞƉϭ
ǁĂƐ ƌĞĚƵĐĞĚ ŝŶ ƚŚĞ ƵŶƉĂƌĂƐŝƚŝǌĞĚ ůĂƌǀĂĞ ĂŶĚ ŝŶ ƚŚĞ ƉĂƌĂƐŝƚŝǌĞĚ ůĂƌǀĂĞ͕ ǁŚŝůĞ ŝŶ ƚŚĞ
Ă'>ϰͬн ĐŽŶƚƌŽů ĐƌŽƐƐ͕ ƉĂƌĂƐŝƚŝǌĂƚŝŽŶ ŝŶĚƵĐĞĚdĞƉϭ ĞǆƉƌĞƐƐŝŽŶ ĂƐ ŝƐ ŶŽƌŵĂůůǇ ŽďƐĞƌǀĞĚ͘
dŚĞ ƌĞĚƵĐĞĚ ĞǆƉƌĞƐƐŝŽŶ ŝŶ ƚŚĞ нͬh^ͲdĞƉϭ ĐƌŽƐƐ ŝŶĚŝĐĂƚĞƐ ƚŚĂƚ ƚŚĞƌĞ ŝƐ ƐŽŵĞ ΖůĞĂŬǇ
ĞǆƉƌĞƐƐŝŽŶΖŽĨƚŚĞĐŽŶƐƚƌƵĐƚ;ŝ͘Ğ͕͘ĞǆƉƌĞƐƐŝŽŶŽĨƚŚĞh^ͲdĞƉϭĐŽŶƐƚƌƵĐƚ͕ĞǀĞŶǁŝƚŚŽƵƚƚŚĞ
ĞǆŽŐĞŶŽƵƐĂ'>ϰƚƌĂŶƐĐƌŝƉƚŝŽŶĨĂĐƚŽƌͿ͘
/ŶƚĞƌĞƐƚŝŶŐůǇ͕ ƚŚĞ ŬŶŽĐŬͲĚŽǁŶ ĐƌŽƐƐ ;Ă'>ϰͬh^ͲdĞƉϭͿ ƐŚŽǁĞĚ Ă ƐŝŐŶŝĨŝĐĂŶƚ




ϭͿ͘ dŚŝƐ ƐƵŐŐĞƐƚƐ ĂŶĞĨĨĞĐƚŽĨdĞƉϭ ŽŶ ƚŚĞƉƌŽĚƵĐƚŝŽŶŽĨ ĐŝƌĐƵůĂƚŝŶŐŚĞŵŽĐǇƚĞƐŽƌŽŶ ƚŚĞ
ŝŶǀŽůǀĞŵĞŶƚŽĨdĞƉϭŝŶƌĞĐƌƵŝƚŝŶŐĐŝƌĐƵůĂƚŝŶŐŚĞŵŽĐǇƚĞƐŝŶƚŽƚŚĞĐĞůůƵůĂƌĐĂƉƐƵůĞ͘
hŶĨŽƌƚƵŶĂƚĞůǇ͕ ƵƉŽŶ ƌĞƉĞĂƚŝŶŐ ƚŚŝƐ ĞǆƉĞƌŝŵĞŶƚ ǁŝƚŚ ůĂƌŐĞƌ ƐĂŵƉůĞ ƐŝǌĞƐ
;ĞǆƉĞƌŝŵĞŶƚ ϮͿ͕ ƚŚĞ ŬŶŽĐŬͲĚŽǁŶ ŽĨ dĞƉϭ ǁĂƐ ůĞƐƐ ƐƵĐĐĞƐƐĨƵů ĂŶĚ ƚŽŽ ǀĂƌŝĂďůĞ ĂŵŽŶŐ
ƌĞƉůŝĐĂƚĞƐ ;&ŝŐƵƌĞϮ͕ ĞǆƉĞƌŝŵĞŶƚϮͿ͕ǁŚŝĐŚ ŝŶŚŝďŝƚƐ ƚŚĞ ŝŶƚĞƌƉƌĞƚĂƚŝŽŶŽĨ ĂŶǇƉĂƚƚĞƌŶƐŽŶ
ƌĞƐŝƐƚĂŶĐĞ ĂŶĚ ĐŝƌĐƵůĂƚŝŶŐ ŚĞŵŽĐǇƚĞƐ ;&ŝŐƵƌĞƐ ϮͲ͕ ĞǆƉĞƌŝŵĞŶƚ ϮͿ͘ ĂƐĞĚ ŽŶ ƚŚĞƐĞ ƚǁŽ




dŚĞŬŶŽĐŬͲĚŽǁŶǁĂƐŵŽƌĞ ƌŽďƵƐƚ ŝŶĞǆƉĞƌŝŵĞŶƚ͕ƵƐŝŶŐ ƚŚĞĚŽƵďůĞh^ͲdĞƉϭ ĐŽŶƐƚƌƵĐƚ
ĂŶĚ ƚŚĞ >͘ ǀŝĐƚŽƌŝĂĞ ǁĂƐƉƐ Ăƚ Ϯϱ Σ͘ dŚĞ dĞƉϭ ĞǆƉƌĞƐƐŝŽŶ ŝŶ ƚŚĞ ŬŶŽĐŬͲĚŽǁŶ ĐƌŽƐƐ
;Ă'>ϰͬh^ͲdĞƉϭͿ ǁĂƐ ƐŝŐŶŝĨŝĐĂŶƚůǇ ƌĞĚƵĐĞĚ ĐŽŵƉĂƌĞĚ ƚŽ ďŽƚŚ ƚŚĞ ĐŽŶƚƌŽů ĐƌŽƐƐĞƐ
Ă'>ϰͬн;ůŵĞƌ͕ʖϮ;ĚĨсϭͿсϳ͘ϱϬ͕ƉсϬ͘ϬϬϲͿĂŶĚнͬh^ͲdĞƉϭ;ůŵĞƌ͕ʖϮ;ĚĨсϭͿсϭϴ͘ϳϭ͕ƉфϬ͘ϬϬϭ͖
&ŝŐƵƌĞϯͿ͘dŚĞƌĞǁĂƐŶŽŝŶĚŝĐĂƚŝŽŶŽĨůĞĂŬǇĞǆƉƌĞƐƐŝŽŶŝŶƚŚĞнͬh^dĞƉϭĐŽŶƚƌŽůĐƌŽƐƐ͘
dŚĞ ŬŶŽĐŬͲĚŽǁŶ ĐƌŽƐƐ Ă'>ϰͬh^ͲdĞƉϭ ƐŚŽǁĞĚ Ă ƐŝŐŶŝĨŝĐĂŶƚ ĚĞĐƌĞĂƐĞ ŝŶ
ĞŶĐĂƉƐƵůĂƚŝŽŶ ƐƵĐĐĞƐƐ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ Ă'>ϰͬн ĐŽŶƚƌŽů ĐƌŽƐƐ ;Őůŵŵ͕ ʖϮ;ĚĨсϭͿс ϵ͘Ϭϭ͕
































































































































































































ŝŶĚŝĐĂƚĞĚ ĚŝĨĨŝĐƵůƚŝĞƐǁŝƚŚ ƚŚĞƐĞ ĐŽŶƐƚƌƵĐƚƐ͘ Ɛ ůĞĂŬǇ ĞǆƉƌĞƐƐŝŽŶǁĂƐ ŶŽƚ ŝŶĚŝĐĂƚĞĚ ďǇ ƚŚĞ
ƋWZĚĂƚĂ͕ĂŶŽƚŚĞƌĞǆƉůĂŶĂƚŝŽŶŵŝŐŚƚďĞƚŚĂƚƚŚĞĐŽŶƐƚƌƵĐƚŝƚƐĞůĨŝƐƐůŝŐŚƚůǇƚŽǆŝĐ͕ůĞĂĚŝŶŐƚŽ
ĂĚĞĐƌĞĂƐĞŝŶŐĞŶĞƌĂůŚĞĂůƚŚĂŶĚƌĞƐŝƐƚĂŶĐĞŝŶƚŚĞůĂƌǀĂĞ͘dŚĞƚŽǆŝĐŝƚǇŽĨƚŚĞĐŽŶƐƚƌƵĐƚƐǁĂƐ
ƚĞƐƚĞĚ ƵƐŝŶŐ ƐƵƌǀŝǀĂů ĂƐƐĂǇƐ͕ǁŚŝĐŚ ƐŚŽǁĞĚ ŶŽ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ƐƵƌǀŝǀĂů ďĞƚǁĞĞŶ ƚŚĞ ƚŚƌĞĞ
ĐƌŽƐƐĞƐ;<ƌƵƐŬĂůͲtĂůůŝƐ͕ĚĨсϮ͕&сϬ͘ϱϳ͕ƉсϬ͘ϱϳϯͿ͘tĞĚŝĚĨŝŶĚƐƵďƐƚĂŶƚŝĂůĚĂǇͲƚŽͲĚĂǇǀĂƌŝĂƚŝŽŶ
ŝŶ ƚŚĞ ĞŶĐĂƉƐƵůĂƚŝŽŶ ĂƐƐĂǇ͕ ǁŚŝĐŚ ĐŽŶƚƌŝďƵƚĞĚ ƐŝŐŶŝĨŝĐĂŶƚůǇ ƚŽ ƚŚĞ ŽǀĞƌĂůů ǀĂƌŝĂŶĐĞ ŝŶ ƚŚĞ
ĂƐƐĂǇ͘ dŚŝƐ ĐŽŵƉůŝĐĂƚĞƐ ƚŚĞ ŝŶƚĞƌƉƌĞƚĂƚŝŽŶ ŽĨ ƚŚĞ ĂƐƐĂǇƐ͘ ŽŵƉĞŶƐĂƚŝŽŶ ŽĨ ƚŚĞ ƌĞĚƵĐĞĚ
ĞǆƉƌĞƐƐŝŽŶ ŝŶdĞƉϭ ŝŶ ƚŚĞ ŬŶŽĐŬͲĚŽǁŶ ĐƌŽƐƐ ďǇ dĞƉϮ ǁĂƐ ƵŶůŝŬĞůǇ͕ ƐŝŶĐĞ ƚŚĞƌĞ ǁĞƌĞ ŶŽ
ĞǆƉƌĞƐƐŝŽŶĚŝĨĨĞƌĞŶĐĞƐŽĨdĞƉϮĨŽƵŶĚďĞƚǁĞĞŶƚŚĞdĞƉϭŬŶŽĐŬͲĚŽǁŶĐƌŽƐƐĂŶĚƚŚĞĐŽŶƚƌŽů




EŽ ĐŽŶĐůƵƐŝǀĞ ĞǀŝĚĞŶĐĞ ǁĂƐ ĨŽƵŶĚ ĨŽƌ dĞƉϭ ŚĂǀŝŶŐ Ă ƐŝŐŶŝĨŝĐĂŶƚ ƌŽůĞ ŝŶ ƚŚĞ ƉƌŽĐĞƐƐ ŽĨ
ŵĞůĂŶŽƚŝĐ ĞŶĐĂƉƐƵůĂƚŝŽŶ͘ ůƚŚŽƵŐŚ Ă ĨŝƌƐƚ ƐŵĂůůͲƐĐĂůĞ ĞǆƉĞƌŝŵĞŶƚ ƐƵŐŐĞƐƚĞĚ ƚŚĂƚ dĞƉϭ
ĞǆƉƌĞƐƐŝŽŶ ǁĂƐ ŝŵƉŽƌƚĂŶƚ ĨŽƌ ĞŶĐĂƉƐƵůĂƚŝŽŶ ƐƵĐĐĞƐƐ ƌĂƚĞƐ ĂŶĚ ĨŽƌ ƚŚĞ ŶƵŵďĞƌƐ ŽĨ
ĐŝƌĐƵůĂƚŝŶŐ ŚĞŵŽĐǇƚĞƐ͕ ƚŚŝƐ ĐŽƵůĚ ŶŽƚ ďĞ ĐŽŶĨŝƌŵĞĚ ǁŚĞŶ ǁĞ ƌĞƉĞĂƚĞĚ ƚŚŝƐ ĞǆƉĞƌŝŵĞŶƚ͘
hƐŝŶŐĂĚŽƵďůĞh^ͲdĞƉϭĐŽŶƐƚƌƵĐƚĂŶĚĂŶĂƐƐĂǇĂƚϮϱ͕ ƚŚĞŬŶŽĐŬͲĚŽǁŶĐƌŽƐƐǇŝĞůĚĞĚĂ
ƐŝŐŶŝĨŝĐĂŶƚĚĞĐƌĞĂƐĞŝŶdĞƉϭĞǆƉƌĞƐƐŝŽŶŝŶůĂƌǀĂĞƉĂƌĂƐŝƚŝǌĞĚďǇ>͘ǀŝĐƚŽƌŝĂ͕ĐŽŵƉĂƌĞĚƚŽƚŚĞ
ƚǁŽ ĐŽŶƚƌŽů ĐƌŽƐƐĞƐ͘ ůƚŚŽƵŐŚ ǁĞ ĨŽƵŶĚ ƐŝŐŶŝĨŝĐĂŶƚ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ ƉĂƌĂƐŝƚŽŝĚ ƌĞƐŝƐƚĂŶĐĞ
ĂŵŽŶŐ ƚŚĞ ƚŚƌĞĞ ĐƌŽƐƐĞƐ͕ ƚŚĞ ƉĂƚƚĞƌŶƐ ĚŝĚ ŶŽƚ ĚŝƌĞĐƚůǇ ĐŽƌƌĞƐƉŽŶĚ ƚŽ ƚŚĞ ĞǆƉƌĞƐƐŝŽŶ ŽĨ
dĞƉϭ͘ /Ŷ ƚŚĞ ŬŶŽĐŬĚŽǁŶ ĐƌŽƐƐ͕ ƚŚĞ ƌĞƐŝƐƚĂŶĐĞ ĂŐĂŝŶƐƚ ƉĂƌĂƐŝƚŽŝĚƐ ǁĂƐ ƐŝŐŶŝĨŝĐĂŶƚůǇ ůŽǁĞƌ
ƚŚĂŶ ŝŶŽŶĞŽĨ ƚŚĞĐŽŶƚƌŽů ĐƌŽƐƐĞƐ͕ďƵƚ ŝƚǁĂƐŶŽƚĚŝĨĨĞƌĞŶƚ ĨƌŽŵ ƚŚĞŽƚŚĞƌ ĐŽŶƚƌŽů ĐƌŽƐƐ͕
ĐŽŶƚĂŝŶŝŶŐƚŚĞh^ͲdĞƉϭĐŽŶƐƚƌƵĐƚ͘dŚĞƌĞǁĂƐŶŽĞǀŝĚĞŶĐĞŽĨůĞĂŬǇĞǆƉƌĞƐƐŝŽŶŽƌƚŽǆŝĐŝƚǇŽĨ
ƚŚĞ ĐŽŶƐƚƌƵĐƚ ŝŶ ƚŚŝƐ ĐŽŶƚƌŽů ĐƌŽƐƐ͘  dŚĞƌĞĨŽƌĞ͕ ǁĞ ĐĂŶŶŽƚ ĐŽŶĐůƵĚĞ ƚŚĂƚ ƚŚĞ ƌĞĚƵĐĞĚ
ĞŶĐĂƉƐƵůĂƚŝŽŶƐƵĐĐĞƐƐŝŶƚŚĞŬŶŽĐŬͲĚŽǁŶĐƌŽƐƐ͕ĐŽŵƉĂƌĞĚƚŽƚŚĞĂ'>ϰͬнĐŽŶƚƌŽůĐƌŽƐƐ͕
ǁĂƐ ĚƵĞ ƚŽ ƌĞĚƵĐĞĚ ĞǆƉƌĞƐƐŝŽŶ ŽĨ dĞƉϭ͕ ĂƐ ƚŚĞ нͬh^ͲdĞƉϭ ĐŽŶƚƌŽů ŚĂĚ ƐŝŵŝůĂƌůǇ ůŽǁ
ĞŶĐĂƉƐƵůĂƚŝŽŶƐƵĐĐĞƐƐǁŚŝůĞƚŚĞĞǆƉƌĞƐƐŝŽŶŽĨdĞƉϭǁĂƐŚŝŐŚ͘
 tĞ ŽďƐĞƌǀĞĚ ůĂƌŐĞ ĚĂǇͲƚŽͲĚĂǇ ǀĂƌŝĂƚŝŽŶ ŝŶ ŽƵƌ ĞǆƉĞƌŝŵĞŶƚƐ͕ ƐƵŐŐĞƐƚŝŶŐ ĂŶ
ŝŵƉŽƌƚĂŶĐĞ ŽĨ ĞǆƉĞƌŝŵĞŶƚĂů ĂŶĚ ĞǆƚĞƌŶĂů ĨĂĐƚŽƌƐ ŽŶ ƚŚĞ ŽƵƚĐŽŵĞ ŽĨ ƚŚĞ ƉĂƌĂƐŝƚŝǌĂƚŝŽŶ
ĂƐƐĂǇƐ͘ƐƉĞĐŝĂůůǇƚŚĞĞŶĐĂƉƐƵůĂƚŝŽŶƌĂƚĞƐǁĞƐĐŽƌĞĚǁŚŝůĞƵƐŝŶŐ>͘ǀŝĐƚŽƌŝĂĞŝŶǆƉĞƌŝŵĞŶƚ
ǁĞƌĞ ŚŝŐŚůǇ ǀĂƌŝĂďůĞ ;ƌĂŶŐŝŶŐ ĨƌŽŵ Ϭ Ͳ ϭϬϬйͿ͗ ŽŶ ƐŽŵĞ ĚĂǇƐ ĂůŵŽƐƚ Ăůů ůĂƌǀĂĞ ǁĞƌĞ
ƐƵĐĐĞƐƐĨƵů ŝŶ ĨƵůůǇ ĞŶĐĂƉƐƵůĂƚŝŶŐ ĂŶĚŵĞůĂŶŝǌŝŶŐ ƚŚĞ ƉĂƌĂƐŝƚŽŝĚ ĞŐŐ͕ ǁŚŝůĞ ŽŶŵŽƐƚ ĚĂǇƐ͕







&ŝŐƵƌĞ ϯ͗ ǆƉĞƌŝŵĞŶƚ ͗  Ϳ >ŽŐͲƚƌĂŶƐĨŽƌŵĞĚ ŶŽƌŵĂůŝǌĞĚ ŐĞŶĞ ĞǆƉƌĞƐƐŝŽŶ ŽĨ dĞƉϭ ŝŶ ůĂƌǀĂĞ͕ ƉĂƌĂƐŝƚŝǌĞĚ ďǇ >͘
ǀŝĐƚŽƌŝĂĞ͕ϮϰŚŽƵƌƐƉŽƐƚͲƉĂƌĂƐŝƚŝǌĂƚŝŽŶ͘dŚĞŬŶŽĐŬͲĚŽǁŶĐƌŽƐƐ;Ă'Ăůϰͬh^ͲdĞƉͿŝƐŵĂƌŬĞĚǁŝƚŚĂĚĂƌŬĞƌƐŚĂĚĞ
ŽĨ ƌĞĚ ŽŶ ƚŚĞ ůĞĨƚ ŽĨ ƚŚĞ ŐƌĂƉŚ͘ ͿDĞůĂŶŝǌĂƚŝŽŶ ƐƵĐĐĞƐƐ ŽĨ ƚŚĞ ƚŚƌĞĞ ĐƌŽƐƐĞƐ͕ ƉĂƌĂƐŝƚŝǌĞĚ ďǇ>͘ ǀŝĐƚŽƌŝĂĞ͘ dŚĞ




ƉŚĞŶŽƚǇƉŝĐ ƚƌĂŝƚ͘dŚŝƐ ůĂƌŐĞǀĂƌŝĂďŝůŝƚǇ ŝŶ ƚŚĞĞǆƉĞƌŝŵĞŶƚŶĞĞĚƐ ƚŽďĞ ƌĞƐŽůǀĞĚ͕ďĞĨŽƌĞǁĞ
ĐĂŶƉƌŽĐĞĞĚǁŝƚŚƚŚĞĨƵŶĐƚŝŽŶĂůĐŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶŽĨdĞƉϭ͘
dŚĞ ƌŽůĞ ŽĨ dĞƉϭ ŝŶ ƌŽƐŽƉŚŝůĂ ŝŵŵƵŶŝƚǇ ĂŐĂŝŶƐƚ ƉĂƌĂƐŝƚŽŝĚƐ͕ ŝĨ ĂŶǇ͕ ŝƐ Ɛƚŝůů
ƵŶƌĞƐŽůǀĞĚ͘ /ƚƐ ĞǆƉƌĞƐƐŝŽŶ ŝƐ ƌĞŐƵůĂƚĞĚ ĚŽǁŶͲƐƚƌĞĂŵ ŽĨ ŚŽƉ ŝŶ ƚŚĞ :ĂŬͬ^ƚĂƚ ƐŝŐŶĂů
ƚƌĂŶƐĚƵĐƚŝŽŶƉĂƚŚǁĂǇ;>ĂŐƵĞƵǆĞƚĂů͕͘ϮϬϬϬͿ͘ůƐŽŝŶƚŚĞŝŵŵƵŶĞƌĞƐƉŽŶƐĞĂŐĂŝŶƐƚďĂĐƚĞƌŝĂ
ĂŶĚ ĨƵŶŐŝ͕ ZEŝ ĞǆƉĞƌŝŵĞŶƚƐ ƐŽ ĨĂƌ ĨĂŝůĞĚ ƚŽ ƐŚŽǁ ƚŚĂƚ dĞƉϭ ŝƐ ƌĞƋƵŝƌĞĚ ĨŽƌ ĨŝŐŚƚŝŶŐ ƚŚĞ






ƚŽ ƚŚĞ ƐƵƌĨĂĐĞƐ ŽĨ ďĂĐƚĞƌŝĂ Žƌ ƉůĂƐŵŽĚŝƵŵ ŽŽŬŝŶĞƚĞƐ ;>ĞǀĂƐŚŝŶĂ Ğƚ Ăů͕͘ ϮϬϬϭ͖ ůĂŶĚŝŶ Θ





tĞ ǁŽƵůĚ ůŝŬĞ ƚŽ ƚŚĂŶŬ ŵŵĞƌŝŶƐ ĚĞ ,ĂĂŶ͕ :ĞůŵĞƌ ĞĞƌĚĂ͕ DĂƌůŽĞƐ ǀĂŶ >ĞƵƐƐĞŶ͕ dŝŵ
'ƌĞůůŝŶŐ͕^ĂŶĚƌĂĚĞsĞŐƚĂŶĚŝĞĚĞĚĞ,ĂĂŶ ĨŽƌ ƚŚĞŝƌŚĞůƉǁŝƚŚ ƚŚĞĚĂƚĂĐŽůůĞĐƚŝŽŶ͖ :ĞĂŶͲ
ŚƌŝƐƚŽƉŚĞ ŝůůĞƚĞƌ ĂŶĚ ŚŝƐ ůĂď ĨŽƌ ƐŚĂƌŝŶŐ ƚŚĞ ĨĂĐŝůŝƚŝĞƐ ƚŽ ĐĂƌƌǇ ŽƵƚ ƚŚĞ ŬŶŽĐŬͲĚŽǁŶ












Chapter 5          
 
 
Bacterial communities differ among Drosophila melanogaster 
populations and affect host resistance against parasitoids 
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Abstract 
Host-microbiome interactions play an important role in host physiology and evolution. In 
Drosophila, diet is considered a prominent factor shaping the associated bacterial 
community. However, the host population background (e.g. genotype, geographical origin 
and laboratory effect) is a factor that may also exert a significant influence and is often 
overlooked. To test for population background effects, we characterized the bacterial 
communities in larvae of six genetically differentiated and geographically distant D. 
melanogaster lines collected from natural populations across Europe. Moreover, we also 
investigated whether induced shifts in the microbiota – in this case by controlled antibiotic 
administration – alters the hosts' resistance to parasitism. Our data revealed a clear 
signature of population background on the diversity and composition of D. melanogaster 
microbiome and differed across lines, even after hosts had been maintained at the same 
diet and laboratory conditions for over 4 years. In particular, the number of bacterial OTUs 
per line ranged from 8 to 39 OTUs. Each line harbored 2 to 28 unique OTUs, and OTUs that 
were highly abundant in some lines were entirely missing in others. Secondly, we found 
that antibiotic administration significantly altered the host resistance to the parasitoid 
Asobara tabida in three of the six lines: interestingly, while in two lines the altered 
microbiome increased host resistance, one line showed an opposite pattern. Wolbachia, a 
widespread intracellular endosymbiont associated with parasitoid resistance, was lacking in 
this line, suggesting that other components of the Drosophila microbiome caused a change 
in host resistance. Collectively, our results revealed that the population background exerts 
a significant influence on the establishment of Drosophila microbiome that outpaces the 
long-term effect of diet. As a consequence, perturbations on these natural microbiomes 
differentially influenced the hosts’ resistance against natural parasites. 




Macro-organisms can be viewed as distinct ecosystems, in which numerous 
microorganisms establish close mutualist, commensal and pathogenic associations with 
their hosts (Tancrède, 1992). These microbial-host associations are known to influence host 
fitness as well as host evolution and adaptation when the microbial components are 
transmitted among generations – a common feature in many microbial-insect interactions 
(Zilber-Rosenberg & Rosenberg, 2008).  
Insects have a relatively simple microbiome, yet it is known to influence host 
phenotype in a variety of ways: through diet supplementation (Ohtoko et al., 2000), disease 
transmission (Weiss & Aksoy, 2011), reproductive behavior and isolation (Bordenstein et 
al., 2001) and kin recognition (Lizé et al., 2013). This simplicity, in combination with various 
observed phenotypes, have made insects a suitable model to unravel the mechanisms 
driving the ecological and evolutionary aspects of host–microbiome interactions (Lee & 
Brey, 2013). Among insects, Drosophila melanogaster Meigen (Diptera: Drosophilidae) has 
been used as a model to study host-microbiome interactions since the beginning of the 20
th
 
century and was the first gnotobiotic organism to be cultured (Guyenot, 1913). Curing 
Drosophila from its microbiome revealed modifications in a number of host physiological 
responses, ranging from reproduction (Bourtzis et al., 1996) to immunity and resistance to 
parasitoids and pathogens (Panteleev et al., 2007; Lhocine et al., 2008; Ryu et al., 2008; 
Teixeira et al., 2008). Although these changes have been initially attributed to the genus 
Wolbachia, a widespread endosymbiont of arthropods (Bourtzis et al., 1996), recent data 
have made clear that Wolbachia is not the only bacteria affecting hosts' fitness. Other 
components of the Drosophila microbiome, such as gut-associated bacteria (Shin et al., 
2011) or microbes that reside on its exogenous body parts (Brummel et al., 2004) can exert 
great influence on their host, by affecting lifespan (Brummel et al., 2004), intestinal stem 
cell activity (Buchon et al., 2009), kin recognition and mate choice (Sharon et al., 2010; Lizé 
et al., 2013). Despite much research and the range of processes that are affected by the 
microbiome (Sommer & Bäckhed, 2013), it is still not completely clear what shapes the 
Drosophila microbiome and host-symbiont interactions. 
Despite its relative simplicity, consisting of 1-30 OTUs (Broderick & Lemaitre, 2012; 
Wong et al., 2013) and usually dominated by 1 or 2 taxa (Chandler et al., 2011; Broderick & 
Lemaitre, 2012), the Drosophila microbiome is dynamic, changing throughout the 
developmental stages of the host (Wong et al., 2013). The factors that are most likely to 
exert an influence on the establishment of Drosophila microbiome have been shortlisted: 
host diet (Chandler et al., 2011; Staubach et al., 2013), host taxonomy (Chandler et al., 
2011; Jones et al., 2013), geography, morphology, genetics, physiology (Lazzaro et al., 
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2006), random events (Staubach et al., 2013) and surrounding environment (Blum et al., 
2013). However, the debate persists on which factors have a dominant role. Whereas some 
studies suggested the core Drosophila microbiome to be shaped by the diet, and not by 
geography or host taxonomy (Chandler et al., 2011; Wong et al., 2013), others established 
that taxonomy rather than diet was the major driver of bacterial composition (Jones et al., 
2013). Other studies found evidence that stochastic processes affected the microbial 
composition of the fruit fly, and that there is no such thing as a core microbiome in 
Drosophila (Staubach et al., 2013; Wong et al., 2013). However, a comparison of the 
microbiomes of freshly caught D. melanogaster flies from distant geographical populations 
revealed natural populations to differ in their bacterial composition, despite the small 
sample size of the populations (Corby-Harris et al., 2007). 
Natural populations encounter local conditions that may vary considerably, both in 
terms of abiotic conditions (e.g. temperature, humidity) and in the other organisms that 
inhabit these environments. Drosophila melanogaster are exposed to a broad range of 
microorganisms, mainly since nutrition is derived from yeasts and bacteria decomposing 
organic material. These microorganisms form a pool of mutualists, commensals and 
potential pathogens (Tancrède, 1992). Other potential natural enemies consist of 
nematodes, viruses and parasitoids (i.e. insects that parasitize other insects by laying their 
eggs in or on these host insects). It has been demonstrated that natural populations of 
Drosophila adapt to their local conditions, including differentially resisting various bacterial 
pathogens (Lazzaro et al., 2006) and parasites (Kraaijeveld & van Alphen, 1995; Gerritsma 
et al., 2013). The underlying mechanism for resistance against bacterial pathogens is 
associated with genetic variation in immunity genes (Lazzaro et al., 2006). Moreover, it has 
been demonstrated that D. melanogaster is capable of tolerating commensal-gut 
microbiota by suppressing immune activation while still maintaining the ability to launch 
rapid and balances immune reactions to pathogenic bacteria (Lhocine et al., 2008). Since 
interactions between fruit fly hosts and microorganisms can vary greatly between different 
environments, this could imply that Drosophila populations of different genetic 
backgrounds are capable of acquiring and maintaining different microbiomes. One 
tantalizing question that now arises is whether the phenotypic and genetic variation among 
natural populations in parasite resistance is perhaps partially mediated by the complex 
interactions between the host and its microbiome.   
This study aimed to determine whether population background modulates the 
Drosophila microbiome in natural populations, and whether the established Drosophila 
microbiome is of significance for host immunity against parasites. Firstly, we determine 
whether genetically differentiated populations of D. melanogaster differ in microbiome 
when controlling for diet effects. If host population of origin, and not only diet, plays an 
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important role in shaping the bacterial community, we would predict to see differences 
between microbiome compositions among different Drosophila lines that were reared on 
identical diets. In that case, these differences may reflect the population genetic 
background of the lines, or alternatively, long-lasting associations with the original 
microbiome. Secondly, we evaluated whether antibiotic manipulation of the hosts' 
microbiome had a phenotypic effect on host resistance to a parasitoid and if so, whether 
different D. melanogaster lines react differentially to the treatment. If variation in 
resistance is mediated by host-microbiome interactions, we would predict changes in 
parasitoid resistance after Drosophila microbiome was altered by antibiotics. Finally, if the 
population background of the host affects host-microbiome interactions, we might expect 
to find different effects of antibiotic treatment on parasitoid resistance among those 
different Drosophila lines.  
To answer our research questions we used a system consisting of six lines of flies 
collected from natural populations of D. melanogaster (host population), maintained on an 
identical lab diet for 4 years (host diet), that vary in their resistance to a parasitoid (host 
phenotype), Asobara tabida Nees (Hymenoptera: Braconidae) (Gerritsma et al., 2013). 
Asobara tabida is a small wasp, that attacks 2-3
rd
 instar larvae of Drosophila and lays an 
egg, which will either develop into an adult wasp and kill the fly, or will be killed itself by the 
hosts immune response (Strand & Pech, 1995; Eslin & Prévost, 1998; Kraaijeveld & Godfray, 
1999; Lavine & Strand, 2002; Lemaitre & Hoffmann, 2007). Unlike most of the previous 
Drosophila microbiome studies (Corby-Harris et al., 2007; Chandler et al., 2011; Lizé et al., 
2013; Staubach et al., 2013; Wong et al., 2013), our focus was the bacterial communities of 
the 3
rd
 larval instars of D. melanogaster, because at this developmental stage the larvae 
have to fight parasitoids. Furthermore, particularly during the larval stages the bacterial 
composition and abundance can have a strong impact on physiological growth and 
development, and thereby have a major impact on host fitness (Shin et al., 2011; Storelli et 
al., 2011; Ridley et al., 2012) ). To test our hypotheses we assessed the total bacterial 
community composition, diversity and abundance, as well as the specific abundance of 
Wolbachia in 3
rd
 instar larvae of six D. melanogaster lines. We subjected these lines to a 
broad-spectrum antibiotic treatment to disturb their indigenous microbiota (for 3 
generations, followed by 2 generations without antibiotics to avoid any toxic effects of the 
treatment), tested whether this affected their resistance to A. tabida, and tried to identify 
candidate bacterial taxa (Wolbachia, commensal gut bacteria, etc.) likely to be responsible 
for the observed effects on host resistance to parasitoids. 
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5.2 Materials and methods 
5.2.1 Drosophila samples 
Six lines of D. melanogaster were collected from natural populations across Europe. These 
lines differed in their resistance to A. tabida (Gerritsma et al., 2013) and showed substantial 
genetic differentiation, as indicated by an average pair-wise Fst value of 0.124±0.015 (S. 
Gerritsma, unpublished data; this thesis, Chapter 3). The lines were established from 
multiple foundresses (6-60) and have been kept in the laboratory for 4 years prior to this 
study. Further information on fly collection, maintenance and the resistance study can be 
found in Gerritsma et al., 2013. In short, the lines originated from: Germany (Bayreuth, 
BAY; Bremen, BRE), Scotland (St. Andrews, STA), The Netherlands (Groningen, GRO) and 
France (Gotheron, GOTH; Arles, ARL). Adult female flies were captured in traps and 
cultured in the lab as iso-female lines for one generation. Per locality mass cultures were 
established by mixing the offspring of the iso-female lines. After that, offspring (~2000) of 
each generation was mixed and distributed over 10 quarter-pint bottles containing 30 mL 
standard medium (26g inactivated yeast, 54g sugar, 17g agar and 13 ml nipagin 8.5 mM 
solution, solved in 1 liter) and reared at 20 °C and 12h:12h dark:light regime. Larval density 
was standardized every generation for all field lines to avoid competition through 
overcrowding, and to maintain the genetic diversity in the mass cultures. 
 
5.2.2 DNA extraction 
Total genomic DNA was extracted from pooled samples containing ~30-40 2-3
rd
 instar D. 
melanogaster larvae. We collected three biological replicas per line. Larvae were not 
surface-sterilized because it was previously demonstrated that Drosophila have an 
exogenous bacterial community, which is also important for the host`s physiology 
(Brummel et al., 2004). Insects were thoroughly homogenized with a sterile motorized 
pestle to make sure intracellular bacterial DNA (e.g., Wolbachia) was also extracted. DNA 
was isolated using the Power Soil
®
 DNA Isolation Kit, following the manufacturer`s protocol 
(Power Soil
®
, MoBio Laboratories Inc., California, United States). DNA concentration was 
quantified using NanoDrop ND2000 (Thermo Scientific
TM
) and standardized. 
 
5.2.3 PCR condition for the amplification of the bacterial 16S rRNA gene 
The bacterial 16S rRNA gene was PCR-amplified using the primer set F968 / R1401 
(Supplementary Table 5.1) in the following 50 µl master mix: 0.4 µl of 25 mM dNTPs, 3.75 
µl of 50 mM MgCl2, 5 µl of 10xPCR Buffer, 0.5 µl of Formamide, 10 U/ml of bovine serum 
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albumin (BSA), 200 nM of forward and reverse primers, 20 U/ml Taq DNA polymerase 
(Roche Applied Science, Germany). To ensure the specificity of the reaction, touchdown 
PCR condition was set as follows: the initial denaturation step at 94°C for 5 min, followed 
by 10 cycles of 94°C for 1 min, 60°C (lowering the temperature by 0.5°C every cycle) for 1 
min, 72°C for 2 min; and by 25 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min; with 
a final step of 72°C for 30 min. The presence and specificity of the amplicons were verified 
in 1.5% agarose gel stained with ethidium bromide. 
 
5.2.4 Denaturing Gradient Gel Electrophoresis (DGGE) 
The DGGE analysis was performed to estimate differences in the structure of bacterial 
communities across populations of D. melanogaster and to determine the sampling effort 
needed to fully characterize their community composition. 16S rRNA bacterial genes were 
PCR-amplified using the primer set F968 with a GC-clamp attached to 5’ and R1401 
(Supplement Table 5.1), as described above. The obtained amplicons were further used for 
the DGGE analysis. The DGGE were visualized with Imagemaster VDS (Amersham 
Biosciences, Buckinghamshire, United Kingdom) and further analyzed with GelCompar 
software (Applied Maths, Sint-Martens Latem, Belgium). The observed low bacterial 
diversity (Supplementary Figure 5.1) determined the choice of sequencing method (Sanger 
sequencing) and sampling size. 
 
5.2.5 Cloning and sequencing of the bacterial 16S rRNA gene 
The previously amplified 16S rRNA gene region (without the GC-clamp) was used for the 
cloning library. The PCR product was diluted and 20 ng of the amplicon was ligated into the 
pGEM-T vector (Promega, manufacturer’s instructions). Competent Escherichia coli cells 
were used for the transformation step. For each of the 6 lines, 3 biological replicas were 
used. For each replica ~90 clones were picked from the agar plates for the sequencing and 
analyses. Positive clones were amplified using pGEM-T forward and reverse primers 
(Supplementary Table 5.1). The amplicons were checked for size and concentration on 
1.5% agarose gel. PCR products of the expected ~440 bp were purified following the 
manufacturer’s recommendations (ExoSap-IT
®
, Affymetrix) and further used for sequencing 
on ABI3170 Prism sequencer by Applied Biosystems, following the manufacturer’s protocol 
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5.2.6 Analyses of bacterial 16S rRNA gene clone libraries 
Obtained sequence chromatograms were initially trimmed using the Lucy algorithm (Chou 
& Holmes, 2001) at a threshold of 0.002 (quality score of 27), available within the 
Ribosomal Database Project (RDP) pipeline (https://rdp.cme.msu.edu/pipeline/). Only 
sequences with trimmed lengths longer than 320 bp were retained for analysis (i.e. 1,044 
sequences representing the six lines of D. melanogaster). In order to integrate the cleaned 
sequence data into the QIIME pipeline (Caporaso et al., 2010), we artificially added 
barcodes sequences (ca. 10 bp) at the 5’ of each sequence. Different barcodes were added 
for each sample. Operational taxonomic units (OTUs) were generated by binning the 
sequences at 97% of nucleotide identity using Uclust (Edgar, 2010). Selected representative 
sequences per OTU were aligned against the Greengenes coreset (DeSantis et al., 2006) 
using PyNAST (Caporaso et al., 2010), with sequences classified using the Greengenes 
taxonomy via RDP classifier (Wang et al., 2007). The alignment was filtered to remove 
common gaps and a phylogenetic tree was constructed de novo using FastTree (Price et al., 
2009). For all OTU-based analyses, the original OTU Table was rarefied to a depth of 50 
sequences per sample (the lowest in a single sample), to minimize effects of sampling effort 
on the analysis. One replica (ARL_2) was excluded of the analysis due to the low number of 
sequences (ca. 30). The QIIME was also used to generate weighted/unweighted UniFrac 
distance matrices (Lozupone et al., 2006) and alpha-diversity metrics, including OTU 
richness (unique OTUs), ChaoI richness estimation, Shannon and Faith’s phylogenetic 
diversity indices. Alpha diversity differences were compared using a t-test with Monte Carlo 
simulations (compare_alpha_diversity.py in QIIME, (Ahn et al., 2013)). The OTU Venn 
diagram was constructed using jvenn (Bardou et al., 2014). All sequencing data have been 
deposited in the NCBI database under submission KT189679 - KT190693 
(http://www.ncbi.nlm.nih.gov/). 
 
5.2.7 Host microbiome manipulation 
The D. melanogaster lines were divided into two groups: control and treatment. The 
control group remained on the standard medium, while a combination of antibiotics was 
added into the medium of the treatment group for three successive generations (Chandler 
et al., 2011). The antibiotic mixture contained: rifampycin (400 µg/ml), streptomycin (100 
µg/ml) and tetracycline (200 µg/ml) (Sigma-Aldrich
®
). After the treatment, D. melanogaster 
lines were maintained for two generations on the antibiotic-free medium in order to 
eliminate possible toxic effects of the treatment on the fly metabolism. 
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5.2.8 Parasitization experiment 
We used the A. tabida strain TMS to test D. melanogaster resistance to parasitoids (Ma et 
al., 2013). The parasitoid wasps were reared on a low resistant line of D. melanogaster at 
20°C under a 12 h:12 h dark/light regime. The ability of Drosophila to encapsulate Asobara 
eggs was used as a measure for host`s resistance to parasitoids (Gerritsma et al., 2013). We 
performed the test and measured resistance in all six D. melanogaster lines. For the 
parasitization trial, 10 2
nd
 instar larvae and two A. tabida females were placed in a petri 
dish, and the wasps were allowed to parasitize for 9 hours. Each parasitization trial was 
replicated 10 times. Once the larvae pupated, they were counted and transferred to new 
vials containing agar medium. Both emerging flies and wasps were counted. Flies were 
examined for the presence of encapsulated eggs by squashing them between two glass 
slides, as the melanized capsules are clearly visible this way. The encapsulation rate (ER, %) 
was defined as the percentage of adult flies carrying one or more capsules (c, indicating 
successful encapsulation) of the total parasitized individuals (p). The number of parasitized 
individuals was estimated as the sum of adult flies carrying an encapsulated egg (c) and the 
number of emerged wasps (w, indicating no or unsuccessful encapsulation). In formula: 
ER% = c / (c + w) * 100 = c / p * 100. 
To analyze the data from the parasitization experiment we used a generalized 
linear model (glm) approach implemented in R 3.0.2 (Team & R Development Core Team, 
2011). To compare the encapsulation rate among the six tested lines, the per replica data 
on the number of emerged adult flies with capsule (c) and the number of emerged wasps 
(w) were combined in a two-vector response variable (Ratio c:w). The glm models tested 
whether this ratio was significantly different among the lines and after antibiotic treatment. 
To judge the statistical significance of explanatory factors (Line, Treatment and the 
interaction between Line and Treatment) on encapsulation rate, we removed the 
explanatory variables one by one from the maximal model and used F-tests for 
comparisons of the simplified model to the model including the explanatory variable 
(Crawley, 2007). We specified a quasibinomial distribution for the glm models to correct for 
over-dispersion. 
 
5.2.9 Quantitative Real-time PCR 
Quantitative real-time PCR (qPCR) was performed on genomic DNA samples, diluted to the 
final concentration of 20 ng/µl. Three biological and two technical replica were performed 
for all D. melanogaster lines and treatments (i.e. control, antibiotic treated). Per reaction, 1 
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(500 nM) (Thermo Fischer Scientific, Germany) and 200 nM of forward and reverse primers 
for either TATA-binding protein, 16S or gat_b (Supplementary Table 5.1). TATA-binding 
protein primers were used to quantify host DNA, 16S primer measured the total bacterial 
abundance, and gat_b specifically targeted a Wolbachia gene. The following qPCR settings 
were used: enzyme activation of 95°C for 15 min, followed by 45 cycles of 95°C for 15 s, 
55°C for 30 s, 72°C for 30 s (data collection point); and a final step (extension) of 72°C for 7 
min. As a negative control, 1 µl of milliQ water was used instead of DNA template. Samples 
were checked for non-specific amplification and primer-dimers using a standard ABI7300 
dissociation curve. 
LinRegPCR software was used to estimate the initial concentration (C0) of 16S rRNA and 
Wolbachia gene copies (Ramakers et al., 2003). To correct for the differences in DNA 
concentration between templates, the relative abundance of 16S rRNA and the Wolbachia 
gat_b genes was calculated by dividing their C0 (initial concentration) by the C0 of the 
reference gene (TATA-binding protein). To test for differences in the copy numbers of the 
16S rRNA gene and the gat_b Wolbachia gene, we used a linear model with random effects 
approach implemented in R 3.0.2 on log-transformed data. The technical replicates per line 
per treatment group were analyzed separately, and biological replicate was used as a 
random effect in the model to take the co-variation between the technical replicas into 
account. We then removed the explanatory variables (Line, Treatment and the interaction 
between Line and Treatment), one by one from the maximal model and used F-tests for 
comparisons of the simplified model, to test for differences in bacterial load among the 
lines, and whether Wolbachia infection had been cured by the antibiotics treatment prior 




5.3.1 The microbiome composition of D. melanogaster lines 
To describe microbial communities associated to D. melanogaster populations, 16 clone 
libraries were obtained (2-3 per line). A total of 1,044 clones were successfully sequenced. 
Based on 97% of nucleotide identity, the sequences were binned into 75 OTUs (see the 
Supplementary Table 5.2). Classification to the genus level (not possible for some OTUs) 
revealed the presence of 18 distinct genera (Figure 5.1), encompassing 42 OTUs. The most 
diverse genera (represented by a minimum of 5 different OTUs) were affiliated to 
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The estimated sample coverage (ESC) varied from 0.76 to 0.98 across the libraries, 
indicating that despite the low number of samples sequenced, the data is representative as 
we sequenced the entire community for most of the lines. The richness estimator and the 
diversity indices (i.e. Chao1 and Shannon, respectively) revealed that the lines differed in 
their bacterial community richness: BRE had the most diverse and STA the poorest 
microbial communities (Table 5.1). Statistical comparison of alpha diversities between lines 
revealed that BRE significantly differed from STA (t = -9.457, p = 0.023) and from GRO (t = -
8.074, p = 0.012) (Supplementary Table 5.3). The data on the numbers of OTUs per line 
were visualized in detail (Figure 5.2): BRE had 39 OTUs, including 28 that were uniquely 
found in this line, while STA had only eight OTUs, of which two were unique. Only three 
OTUs were found in all six lines.  
The family Acetobacteriaceae was the most common taxon, present in each 
replica of the lines and accounting for 25-95% of the sampled OTUs. The genus Wolbachia 
was also abundantly found in our samples, except for the line STA. The BRE line was 
characterized by a higher abundance of families Planococcaceae, Enterobacteriacea, 
Staphylococcaceae and Moraxellaceae, absent or poorly represented in other lines (Figure 
5.1a). The STA was associated with low diversity, absence of Wolbachia and presence of the 
family Leuconostocaceae (STA_1) and Micrococcaceae (STA_2). 
 
 
Table 5.1: Sample size, richness estimator, diversity indices and sample coverage of the microbiomes of six D. 
melanogaster lines. Biological replicas are indicated as numbers next to the line abbreviation: ARL – Arles, BAY – 
Bayreuth, BRE – Bremen, GOTH – Gotheron, GRO – Groningen, STA – St. Andrews. 
 
 Library name Number of sequences Number of OTUs
1 Chao1 Shannon PD2 ESC3
ARL_14 50 19 30 3.23 0.81 0.76
ARL_3 50 8 10 1.77 0.56 0.93
BAY_1 50 7 9 1.50 0.58 0.93
BAY_2 50 11 17 2.36 0.74 0.89
BRE_1 50 17 26 3.45 1.05 0.84
BRE_2 50 16 40 2.75 0.98 0.76
BRE_3 50 13 30 2.68 0.81 0.82
GOTH_1 50 9 16 1.84 0.59 0.89
GOTH_2 50 7 10 2.23 0.37 0.94
GOTH_3 50 6 7 1.25 0.38 0.95
GRO_1 50 8 10 2.24 0.43 0.94
GRO_2 50 10 16 2.58 0.5 0.9
GRO_3 50 7 7 2.03 0.36 0.98
STA_1 50 5 9 0.54 0.35 0.93
STA_2 50 4 6 0.49 0.32 0.95
1 Calculated with QIIME at 97% nucleotide identity, at the same rarefaction depth of 50 sequences per sample
2 Faith's Phylogenetic Diversity
3 Estimated sample coverage (Cx): Cx=1 - (Nx/n), Nx - the number of unique sequences, n - total number of sequences per sample
4 Replica number (1,2 or 3)





Figure 5.2: The numbers of OTUs in the microbiome of six D. melanogaster lines. The Venn diagram represents 
OTUs that are shared among the different subsets of lines, or unique to a single line (Venn diagram constructed 
with jvenn ). The barplot represents the total number of OTUs per line. The following line name abbreviations 
were used: ARL – Arles, BAY – Bayreuth, BRE – Bremen, GOTH – Gotheron, GRO – Groningen, STA – St. Andrews. 
 
Beta-diversity analysis of the D. melanogaster bacterial communities was performed based 
on UniFrac distances (Figure 5.3). The unweighted UniFrac PCoA (Figure 5.3a) segregated 
BRE and STA samples in the first axis (Principal component 1, explaining 32.12% percent of 
the variation). The second axis (explained 17.75% of the variation) separated STA and some 
replicas of GOTH, BAY and GRO from BRE, ARL and the remaining replicas of GOTH, BAY and 
GRO (Figure 5.4a). All three BRE replicas were clustered together, apart from the remaining 
lines by the first principal component of weighted UniFrac analysis (percent variation 
explained of 73.78%) (Figure 5.3b). The second axis (explaining 11.36% of the variation) 
clustered BRE_1, BRE_2, STA replicas, one replica from BAY, GRO and GOTH from BRE_3, 
and the remaining replicas from BAY, GRO and GOTH. The fact that BRE_3 replica clustered 
apart from the remaining two is most likely to be caused by the high abundance (i.e. 45%) 
  Diversity of bacterial communities and its effect on host resistance 
117 
 
of sequences taxonomically affiliated to the bacterial genus Kurthia. The UPGMA clustering 
analysis with Jackknife support (Supplementary Figure 5.1) showed a similar pattern and 
segregated the BRE_3 replica from other samples. This is most likely an artificial difference: 
the remaining two BRE replicas had high number of sequences affiliated to the family 
Planococcaceae, mostly represented by the genus Kurthia (Figure 5.1b). However, in the 




Figure 5.3: Beta-diversity of bacterial communities associated with D. melanogaster lines. Bacterial communities 
are clustered using PCoA of (a) unweighted and (b) weighted UniFrac. The ellipsoid shapes indicate interquartile 
range (IQR). The percentage of the variation explained by the plotted principal components is indicated on the x- 
and y-axes. The following line name abbreviations were used: ARL – Arles, BAY – Bayreuth, BRE – Bremen, GOTH 
– Gotheron, GRO – Groningen, STA – St. Andrews. 
 
 
5.3.2 Resistance of D. melanogaster lines to A. tabida 
Treated larvae of the lines GOTH and GRO showed an increased encapsulation rate (ER) of 
the parasitoid egg compared to the control group (F1,27=5.761, p=0.024 and F1,22=4.918, 
p=0.037 respectively), while the line from St. Andrews showed the opposite pattern (Figure 
5.4). Treated STA larvae encapsulated the parasitoid egg less efficiently (F1,24=6.057, 
p=0.021). This opposite response to treatment in contrast to the other lines is also 
reflected in the significant interaction term when the full model with all the lines was 
tested with glm (F5,152=3.563, p=0.005). 




Figure 5.4: Encapsulation rate (ER) in six D. melanogaster lines. The circles represent different levels of 
encapsulation ability in antibiotic-treated (black) and control (white) Drosophila larvae. The encapsulation rate 
was measured as the proportion of larvae that successfully encapsulated a parasitoid egg. The following line 
name abbreviations were used: ARL – Arles, BAY – Bayreuth, BRE – Bremen, GOTH – Gotheron, GRO – 
Groningen, STA – St. Andrews. 
 
5.3.3 Connecting Drosophila resistance to bacterial diversity and abundance 
In order to quantify Wolbachia and total bacterial loads, we performed qPCR analysis on six 
D. melanogaster lines (larvae from control and antibiotic treatment groups). To verify 
whether the bacterial communities were altered by the antibiotics treatment and search 
for the possible bacterial taxa responsible for the change in resistance, we performed 
additional sequencing. We sequenced bacterial communities of GOTH and STA lines 
(control and antibiotic treatment groups), based on their significant change in resistance 
after the antibiotic treatment. 
The relative abundance of 16S rRNA gene was not affected by antibiotic treatment, 
nor did it differ between the tested lines (Treatment: F1,10=2.303, p=0.160, line: F2,10=1.345, 
p=0.304, Figure 5.5). The qPCR data confirmed our sequencing results in showing that STA 
line had no Wolbachia infection. GOTH and GRO did not differ in their Wolbachia load 
according to our qPCR results (F1,6=0.459, p=0.523). An additional qPCR analysis on the 
remaining 3 lines (BRE, BAY and ARL) did show differences in Wolbachia load among these 
lines (Supplementary Figure 5.3). After treatment with antibiotics, all lines either lacked 
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(GOTH, GRO, STA, BRE) or had a significantly lower (ARL, BAY) Wolbachia load (Figure 5.5b, 
Supplementary Figure 5.2b). 
We obtained 4 clone libraries for STA and GOTH (one per control and treatment 
groups), comprising 87 sequences. Although the total bacterial load of the antibiotic-
treated larvae was the same as in control group (Figure 5.5a, Supplementary Figure 5.3a), 
the composition of the microbiome was considerably altered (Figure 5.6). The sequencing 
data for GOTH and STA control and antibiotic treatment groups showed that the bacterial 
communities were dominated by the OTUs belonging to the families Acetobacteraceae and, 
to a lesser extent, Lactobacillaceae (Supplementary Figure 5.3). The UniFrac PCoA grouped 
the antibiotic-treated samples together (Figure 5.6), while the control groups of STA and 
GOTH differed from each other, consistent with the earlier presented microbiome 
characterization results for all the lines. There was no clear association between any 




Figure 5.5: Relative abundance of bacterial 16S rRNA gene (a) and gat_b (Wolbachia) (b) genes of control and 
antibiotic treatment groups in GOTH (Gotheron), GRO and STA (St. Andrews) lines. The values are normalized 
against TATA-binding protein, and standard deviations are shown. 
 





Figure 5.6: Beta-diversity of bacterial communities associated with two control and two antibiotic-treated lines 
of D. melanogaster. Bacterial communities are clustered using PCoA of (a) unweighted and (b) weighted UniFrac. 
The percentage of the variation explained by the plotted principal components is indicated on the x- and y-axes. 
Antibiotic treatment and control groups are indicated as letters, “t” and “c” respectively, next to the line 




The first aim of our study was to determine whether host population background affects 
the microbiome composition. Our results show that D. melanogaster lines derived from 
natural populations, maintain or acquire bacterial communities that differ in their 
composition and diversity (Blum et al., 2013), even after being kept on the same standard 
diet for four consecutive years. This contradicts the earlier findings that D. melanogaster 
microbiome is mainly shaped by diet (Chandler et al., 2011; Wong et al., 2013) and 
confirms the idea that either the host exercises a certain degree of control over the 
associated microbiome (Chandler et al., 2011; Franzenburg et al., 2013), or that host 
population genetic differences influence the microbiome composition (Corby-Harris et al., 
2007). We observed that 2 lines out of 6 tested had distinct and characteristic microbial 
communities: one relatively species-poor and lacking the common endosymbiont 
Wolbachia (STA), and one relatively species-rich with many unique OTUs (BRE). The other 4 
lines (GOTH, BAY, ARL, and GRO) shared intermediate species-richness and more similar 
microbiome compositions. The findings in this study show that there is little evidence for a 
core microbiome, as was also suggested by Wong et al., (2013). 
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Our second aim was to study the effect of the established microbiome of D. melanogaster 
on parasitoid resistance. When treated with antibiotics, the ability of the lines to resist the 
parasitoid A. tabida was affected. This shows that the substantial natural variation in 
resistance among these lines may indeed be partially mediated by the microbiome. 
Moreover, the effects of the treatment differed among lines: enhancing or reducing the 
resistance ability. These results suggest that host population background might play a role 
in shaping its bacterial community, which in turn has effect on host fitness, and particularly 
in our study – host resistance. The natural variation among Drosophila melanogaster field 
lines in their resistance to parasites (Kraaijeveld & van Alphen, 1995; Gerritsma et al., 2013) 
and pathogens (Lazzaro et al., 2006) has been a hallmark for substantial genetic variation in 
immunity genes. Our data highlights that an alternative hypothesis also needs to be 
considered: maybe this natural variation in resistance is not only (directly) related to 
genetic variation among the lines, but it may also be (indirectly) related to the variation in 
host-microbiota interactions (Corby-Harris & Promislow, 2008). One of the microbial 
genera we found in Drosophila, Clostridium, for instance, can modulate host immune 
response in vertebrates by promoting Treg cell accumulation (Atarashi et al., 2011). 
One of the possible explanations for D. melanogaster populations to differ in their 
microbial communities could be associated with genetic and physiological differences in the 
host organism. The microbiota can be sensitive to slight variations in pH level and 
availability of oxygen in the gut, or to genetic differences in the host immune system 
(Fraune & Bosch, 2007). For Hydra, a genus of freshwater Cnidarian animals, it was 
demonstrated that the diverse microbial communities in different species were determined 
by the differential expression of antimicrobial peptides by the host (Franzenburg et al., 
2013). Similar to the Drosophila-microbe system, these various Hydra species do not have 
an obligate association with their bacteria, and yet are capable of maintaining the host-
specific bacterial community composition.  
Alternatively, the observed specificity of the Drosophila microbiome among the 
various lines may originate from the original collections from natural populations. Possibly, 
the microbiome differences originate from these natural populations, and then persisted 
over the many generations that the flies were cultured in the lab. Diet is unlikely to have 
caused the differences, as all lines were reared on identical medium and under identical 
conditions for 4 years. Nonetheless, the founders of the lines may have had different 
microbiomes and transmitted these too successive generations. This could provide 
evidence for the hologenome theory of evolution. This theory postulates that the host can 
maintain a prolonged association with its microbiome, and together they form one unit - a 
holobiont - upon which selection acts (Zilber-Rosenberg & Rosenberg, 2008). 
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In the ongoing debate about what determines the composition of the Drosophila 
microbiome (diet versus taxonomy versus random events), it is now clear that various 
factors play a role in shaping the bacterial community of the host. The relative importance 
of each of the factors probably depends on hosts' biology, and the role that the 
microbiome plays in its evolution. In the case of Drosophila, its biology – feeding and 
breeding on rotting organic material rich in bacteria and fungi – makes diet and 
environment two very important factors. These factors determine the pool of bacteria that 
Drosophila may encounter. However, it seems that the host exercises a certain degree of 
control over which bacterial taxa will survive within its organism. Maintaining bacteria that 
enhance host survival and/or reproduction can give a population a fitness advantage and 
promote its success. Therefore, the genetic (e.g., immunity, physiology) or ethological (e.g., 
food preference) mechanisms that promote the growth of the beneficial bacteria can 
evolve. We already know some of these mutualistic bacteria: for instance, Lactobacillus 
plantarum and acetic acid bacteria enhance growth and starvation resistance (Storelli et al., 
2011), exogenous bacteria colonizing the fly’s body surface can contribute to pheromonal 
communication among flies (Brummel et al., 2004), and Wolbachia can enhance stem cell 
proliferation (Fast et al., 2011). 
Wolbachia has also been reported to enhance Drosophila resistance to the 
parasitoids (Panteleev et al., 2007) and viruses (Teixeira et al., 2008). These studies used an 
antibiotic treatment to remove the endosymbiont followed by a resistance assay. Our study 
used a similar approach. However, we quantified and characterized both Wolbachia and 
the total bacterial community abundance and composition. We showed that different 
Drosophila lines responded differently to the antibiotic treatment – GRO and GOTH 
increased in their resistance while STA decreased it. This finding supports the hypothesis 
that various bacterial OTUs can have a different function depending on the host genotypic 
background and/or the total microbiome composition. Therefore removal or acquisition of 
a certain bacterial taxon could lead to the opposite phenotypic effect (or even no effect) in 
different Drosophila populations. We observed changes in the resistance after the antibiotic 
treatment in the STA line that naturally lacks Wolbachia infection. Therefore, we suspect 
that the intracellular endosymbiont is not the sole cause of the observed phenotype – 
changed ability to resist the parasitoid. Moreover, this re-emphasizes that ignoring the total 
bacterial community change after antibiotic treatment, and assuming that Wolbachia alone 
is the cause of the change in the host phenotype, may often not be justified (Weeks et al., 
2002). Therefore, studies looking at changes in the resistance after antibiotic treatment and 
pointing at Wolbachia as its only cause (e.g., Panteleev et al., 2007; Texeira et al., 2008) 
should be revised. 
  Diversity of bacterial communities and its effect on host resistance 
123 
 
Our sequencing data revealed a high number of OTUs from the genus Kurthia. Kurthia is 
commonly found in feces and water samples and known to cause a wide variety of 
nonspecific pathological changes (Reboli & Farrar, 1988). From what we know, this genus is 
not sensitive to the antibiotics used in a current study (Reboli & Farrar, 1988). When tested, 
both control and treated BRE lines showed a relatively low resistance to the parasitoid. To 
see whether Kurthia has a direct negative effect on Drosophila resistance, further studies 
involving an appropriate antibiotic are necessary. This also cautions against assuming that 
lines harbor similar microbial communities. In our study, the lines differed markedly in 
microbiome composition even before antibiotic treatment, and some lines had a potential 
pathogen present in their microbiome at high abundance. 
Antibiotic treatment itself can also have a negative effect on the host (Koukou et 
al., 2006). In our study the fruit fly cultures were kept off the antibiotics for two generations 
to eliminate or reduce the possible negative effect of the treatment on host physiology. This 
step is sometimes neglected in studies (e.g., Lizé et al., 2013). However, this jeopardizes the 
findings, because it makes it impossible to make a distinction between the effects of the 
two factors – stress caused by the antibiotic treatment and the alteration of bacterial biota. 
In our resistance assays, we observed a relatively high mortality rate among tested 
Drosophila larvae – something that has to be addressed in the future experimental setups. 
Possibly, the high mortality was caused by super-parasitism, when larvae are parasitized 
more than once during the assay. The high mortality may also have led to some slight shifts 
in ranking of these six lines in terms of resistance, compared to our earlier measurements 
for these same lines (Gerritsma et al., 2013). The high mortality was similar, however, 
between the antibiotic and control groups, suggesting that it is unlikely that it has caused 
the observed patterns of altered resistance after antibiotic treatment. 
Our results revealed pronounced differences in the microbiome of genetically 
differentiated D. melanogaster lines. Since the tested lines have been maintained on the 
identical diet for 4 years, our finding provides an argument against widely accepted view 
that diet is the key determinant in Drosophila-microbiome system. Our data clearly shows 
that host line is an important factor determining bacterial community composition. The 
question remains, however, what it is in the hosts’ background that caused this strong 
effect. Part of the variation among lines could be caused by genetic variation (e.g., in 
immunity and/or gut physiology), and/or part of it may reflect the composition of the 









We thank W-J. Ma for kindly providing the A. tabida strain; R. Houwerzijl, A. Rensink, A. de 
Haan, M. C. Pereira e Silva and S. Grizard for help with the experiments; A. Paspati for 
helpful comments on the qPCR experiment; RuG Evolutionary Genetics and Microbial 
Ecology groups for fruitful discussions. This work was supported by a VIDI grant to B. 





5.6 Supplementary material 
 
Supplementary Figure 5.1: DGGE analysis of the microbial communities of 4 D. melanogaster host populations. 
Lanes 1-2, 15 and 34 – marker; lanes 3-5 – antibiotic treated replicas from Bremen; lanes 6-8 - Bayreuth control; 
lanes 9-14 – Bayreuth antibiotic treated; lanes 16-18 – Arles control; lanes 19-24 – Arles antibiotic treated; lanes 
25-27 – St. Andrews control; lanes 28-33 - St. Andrews antibiotic treated. 
 
  

















































Supplementary Table 5.2 (next page): OTU Table representing Drosophila lines microbial composition. Following 
line name abbreviations were used: ARL – Arles, BAY – Bayreuth, BRE – Bremen, GOTH – Gotheron, GRO – 
Groningen, STA – St. Andrews. 
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pGEM-t Easy Vector system 
(Promega)
Nubel et al., 1996
Vermeulen et al., 2013
Reumer et al., 2012
Eden et al., 1991 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































  Diversity of bacterial communities and its effect on host resistance 
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Supplementary Figure 5.2: Analysis of the β-diversity of the microbiomes of D. melanogaster lines, represented 
as UPGMA trees. The jackknife supported (a) unweighted and (b) weighted UniFrac trees. Scale bars indicate 
distance between line samples in UniFrac units. The abbreviations: ARL – Arles, BAY – Bayreuth, BRE – Bremen, 
GOTH – Gotheron, GRO – Groningen, STA – St. Andrews. 
 
Group1 Group2 Group1 mean Group1 std1 Group2 mean Group2 std t stat p-value
BAY ARL 0.51 0.07 0.56 0.09 -0.49 1.00
GOTH ARL 0.40 0.10 0.56 0.09 -1.66 1.00
BAY GRO 0.51 0.07 0.45 0.08 2.06 1.00
BRE ARL 1.08 0.08 0.62 0.00 4.05 0.50
GRO BRE 0.45 0.08 1.08 0.08 -8.07 0,012*
STA GRO 0.37 0.02 0.45 0.08 -1.07 1.00
STA BAY 0.37 0.02 0.51 0.07 -1.10 0.52
STA BRE 0.37 0.02 1.08 0.08 -9.46 0,023*
BAY BRE 0.67 0.00 1.08 0.08 -3.60 0.62
GOTH GRO 0.40 0.10 0.45 0.08 0.53 1.00
GOTH BAY 0.40 0.10 0.51 0.07 -1.04 1.00
GOTH STA 0.40 0.10 0.37 0.02 2.25 1.00
STA ARL 0.37 0.02 0.56 0.09 -9.06 0.63
GRO ARL 0.45 0.08 0.56 0.09 -1.59 1.00
GOTH BRE 0.40 0.10 1.08 0.08 -3.28 0.46
1 - standard deviation
* - indicates significant difference between samples (p < 0.05)
Line abbreviations: ARL - Arles, BAY - Bayreuth, BRE - Bremen, GOTH - Gotheron, GRO - Groningen, STA - St. Andrews.
Alpha-diversities were compared at the same rarefaction depth: 65 sequences. For lines BAY, ARL, GOTH the analysis was performed at 
highest shared between all replicas rarefaction depth: 30 sequences.




Supplementary Figure 5.3: Relative abundance of the 16S rRNA (a) and gat_b (Wolbachia) (b) genes of control 
and antibiotic treatment groups in Arles (ARL), Bayreuth (BAY) and Bremen (BRE) lines based on qPCR analyses. 
Values are normalized against TATA-binding protein, and standard errors are shown. Statistical analyses using a 
linear mixed effects model for (a) 16S rRNA load: lines: F2,10=0.030,  p= 0.970, treatment: F1,10=0.890, p=0.368 




Supplementary Figure 5.4: Relative abundance of bacterial taxa in two D. melanogaster lines, Gotheron (GOTH) 
and St. Andrews (STA). The relative abundance of taxa was based on taxonomic affiliation of the bacterial 16S 









Populations are exposed to multiple selection pressures (temperature oscillations, 
predation, parasites, competition etc.), to which they adapt, enhancing survival and 
reproduction under these conditions. The ability of a population to adapt to the 
environment depends on the presence of genetic variation in relevant genes. This genetic 
variation leads to phenotypic variation that selection acts upon when it is adaptive or 
maladaptive variation for the trait. Populations adapt to the selection pressures in their 
local environment, i.e. local adaptation. Traits that evolve during local adaptation are often 
regulated by complex interactions between (many) genes and the environment. Even more 
so, these genes might only provide a fitness advantage when occurring in a particular 
combination or when they interact in a specific way. These so-called "co-adapted gene-
complexes" may vary among geographic populations, with different sets of alleles that 
result in higher fitness for each population. This makes the analysis of adaptation genetics 
difficult, because multiple alleles are present for each gene, each affecting fitness in 
different ways in different environments (Hartl & Clark, 2007). To gain insights in the 
evolutionary processes that have been shaping the trait in natural populations, we can 
study the association between phenotypic and genotypic variation of adaptive traits. 
(Frydenberg et al., 2003; Hartl & Clark, 2007; Paaby et al., 2010). 
In this thesis, I study the phenotypic and genetic variation in host resistance to 
parasitoid attack in natural populations, using Drosophila melanogaster - Asobara tabida as 
a host - parasitoid system. My aim was to uncover the genetic basis for the large natural 
variation in the immunological defences against parasitoids, melanotic encapsulation. 
Therefore, I assessed the phenotypic variation in parasitoid resistance (Chapter 2) and the 
genetic variation in putative loci for the variation in parasitoid resistance (Chapter 3, 4), 
within and among natural populations of D. melanogaster. The putative loci for parasitoid 
resistance were identified in preceding and parallel studies by my colleagues (Wertheim et 
al., 2005, 2011; Jalvingh et al., 2014; Salazar-Jaramillo et al., 2014). By studying these 
putative loci in natural populations of D. melanogaster, we can get insight into how local 




encapsulation ability. I quantified which part of the genetic variation in these loci could be 
associated with the variation in the immunological resistance against the parasitoid wasp A. 
tabida in field lines (Chapter 3, 4). In addition, I investigated the effect of the microbiome of 
D. melanogaster on parasitoid resistance (Chapter 5). 
In this chapter I integrate the findings of the chapters in this thesis and highlight 
the important insights on local adaptation of D. melanogaster populations against 
parasitoids. I give suggestions for future work and finally draw conclusions on my work in 
the context of the current state of the research field. 
 
6.2 Phenotypic variation in encapsulation ability of D. melanogaster field lines 
My study started with a field trip through Europe to collect D. melanogaster from natural 
populations. A phenotypic characterization of the encapsulation response of these 
collected field lines showed that substantial differences in resistance exist among the lines, 
ranging from ~10% resistance in Northern Europe to ~90% resistance in Central-Southern 
Europe (Chapter 2). Based on previous research, both within and among species, I expected 
that these differences in parasitoid resistance were caused by differences in the hemocyte 
load in the hemolymph in the sampled field lines of D. melanogaster. A comparison across 
Drosophila species had shown that species with a high parasitoid resistance had evolved 
high constitutive hemocyte loads and a strong hemocytic response inducible by 
parasitization (Eslin & Prevost, 1996; Eslin & Prévost, 1998). Also, in a comparison within D. 
melanogaster, between lines that were experimentally selected for increased resistance 
and their control lines, high parasitoid resistance was correlated to high numbers of 
circulating hemocytes (Kraaijeveld et al., 2001; Wertheim et al., 2011). This could imply that 
the target of selection is primarily the number of hemocytes that are available for the 
immune defense. Interestingly, I found substantially different patterns among the field lines 
of D. melanogaster. The within-species variation of D. melanogaster field lines did not show 
any consistent correlations between resistance and hemocyte load. Moreover, even though 
the differences in encapsulation ability among the lines are of the same magnitude as have 
been reported for the different species (Eslin & Prevost, 1996; Eslin & Prévost, 1998), the 
variation in the total hemocyte count was much smaller among the D. melanogaster field 
lines. Therefore, other mechanisms have to be involved in obtaining such a big difference in 
resistance within a species.  
I found that all field lines had an equally strong total hemocytic response to 
parasitization, irrespective of their level of parasitoid resistance. However, the high 
resistant field lines seemed to have converged on optimized ratios of the different 




seemed to be of particular importance for a successful defense against parasitism. Even 
though absolute numbers of lamellocytes and crystal cells differed among the high resistant 
lines, the proportional increase of these two blood cell types was very similar, suggesting 
that not only a minimum hemocyte load is required for encapsulation, but that ratios 
between the different hemocytes need to be optimized for a successful response. 
Furthermore, the data suggest that such a ratio needs to be present before parasitization 
and needs to be maintained through the defensive response to establish successfully 
encapsulation. I could hypothesize that the melanotic encapsulation may therefore be 
considered a continuous and integrated process of adding melanin and lamellocytes to the 
capsule, to form a solid and cytotoxic encasement around the parasitoid egg. This is 
contrary to what was suggested by  Russo et al. (1996) ,that eumelanin is deposited around 
the egg chorion as a thin layer 12 hours after parasitization and that the darkness of the 
internal part of the capsule is actually caused by necrotic hemocytes and not by an external 
melanotic process.  
The immune response to overcome parasitoid attack involves several components, 
including the recognition of the foreign body, concerted proliferation and differentiation of 
three types of hemocytes, targeting of the wasp egg by the blood cells to form a 
multilayered cellular capsule and the melanization of the encapsulated parasitoid egg. For a 
successful immune response, all the steps in this immunological cascade following 
parasitization need to be functioning well and in a coordinated manner. Close examination 
of the field lines revealed substantial differences in their immune response to 
parasitization, even when encapsulation rates were almost similar between two lines. I 
found substantial differences among the field lines in the initial hemocyte load, the 
hemocytic increase after parasitization in specific hemocyte types, the speed at which they 
formed a capsule around the parasitoid egg, and in the accurate targeting of the hemocytes 
against the foreign body. Among the low and medium resistant lines I found substantial 
differences in their deficiencies, i.e., they were deficient in at least one of these fine-tuned 
immunological responses. Thus, as expected, Drosophila can loose its parasitoid resistance 
in many different ways. More unexpectedly, the resistance in the high resistant lines also 
appears to have evolved through different trajectories.     
I hypothesized that the number of hemocytes that is available for immune defense 
in D. melanogaster is constraint, either by the resources or by associated costs. In nature, 
D. melanogaster are exposed to a large variety of pathogens other than parasitoids, which 
also interact with the hosts’ immune system. For example, large natural variation within D. 
melanogaster in the immune responses against various bacteria has been reported (Lazzaro 
et al., 2006). Additionally, hemocytes are involved in several physiological functions 




1980), wound healing (Brehelin, 1982) and the formation of the basement membrane 
(Wigglesworth, 1972; Ball et al., 1987). Furthermore, high resistance can carry ecological 
costs. For example, Kraaijeveld et al. (2001) showed that larvae from D. melanogaster lines 
that were artificially selected for high resistance against A. tabida had a reduced 
competitive ability. These combined functions, costs and trade-offs may lead to different 
selection pressures on hemocyte levels in different environments, and could set constraints 
on the evolutionary response to changes in parasite communities. Moreover, low rates of 
parasitoid attack may have allowed for drift or degeneration that lowered the defenses, 
while under low-risk conditions the costs of resistance may outweigh the benefits.  
The results of the study in Chapter 2 suggest that the immune response has 
evolved differentially among the populations of D. melanogaster. This implies that the 
genetic architecture for fine-tuning the immune responses may also differ. In Chapters 3 
and 4 I attempted to elucidate the underlying genetic variation that could provide  a better 
insight into the evolution of immune resistance. 
 
6.3 The use of Asobara tabida as the parasitoid 
In the light of local adaptation of D. melanogaster natural populations against parasitoids, 
one aspect that might be particularly relevant is the specificity of the immune response. 
Parasitoids adapt to the genotypes that are present in the local host population, countering 
their immune responses, while hosts adapt to the local parasitoid genotypes, resisting the 
parasitoid infection. Therefore, one would expect that the two components of the 
interaction are locally co-evolving. This could mean that hosts from one population are 
most effective in overcoming parasitoids from their own habitat (sympatrically occurring 
parasitoids), while they may be less resistant against the same parasitoid species from 
another region (allopatrically occurring parasitoids). Previous studies showed that 
sympatric or allopatric origin of A. tabida strains had little influence on the relative level of 
parasitoid resistance among D. melanogaster lines (Kraaijeveld & Godfray, 2001), i.e. the 
wasp strains that were used differed in virulence, but high resistant lines kept their higher 
levels of encapsulation ability relative to the low resistant lines, independent of what wasp 
strain was used. This suggests that the finding of large natural variation in D. melanogaster 
parasitoid resistance against A. tabida would be robust for various A. tabida parasitoid 
strains. In the studies described in this thesis I mainly used one inbred strain of A. tabida, 
namely TMS. This A. tabida strain was established as an isofemale line in 2010 from a cross 
between two lines, one originally collected from Sospel (France) and the other from Pisa 
(Italy) and is a moderately virulent wasp strain. While a more comprehensive measurement 




encapsulation response against multiple A. tabida wasp strains and multiple parasitoid 
species was measured, its added value would likely have been very limitedfor the purpose 
of this thesis.  
The virulence mechanism of A. tabida is the production of “sticky eggs” that become 
rapidly attached to the host tissue and are then inaccessible for complete encapsulation by 
the hemocytes (Monconduit & Prevost, 1994). This is an evasive virulence mechanism, 
since the wasp is avoiding encapsulation, rather than obstructing or blocking encapsulation 
by affecting the production or lysis of hemocytes. This implies that the selection pressure 
that A. tabida exerts on its host is primarily for a fast and efficient mechanism to 
encapsulate and melanize the parasitoid egg, while the aggressive counter-defenses of 
some parasitoid species may select for additional, perhaps highly specific, host defenses. 
This makes A. tabida parasitoids especially suitable for a general screening for variation in 
host resistance and associating it to hemocyte loads, both because of a lesser specificity to 
the local parasitoid community and because of less interference of the hemocytic response 
by the parasitoid. Furthermore, we could use reasonably virulent wasp strains to optimize 
the resolution or power in distinguishing differences in encapsulation rate among strains, 
while retaining the ability to associate it to hemocyte counts. Differences between the host 
lines can become undetectable when using a completely avirulent wasp line (Kraaijeveld & 
Godfray, 1999).  
Importantly, however, different parasitoid species evolved different venoms, 
virulence factors and counter-defenses against the hosts' immune system (Lee et al., 2009; 
Moreau et al., 2009). Consequently, the resistance against one parasitoid species is not 
necessarily associated with cross-resistance against other parasitoid species (Fellowes et 
al., 1999; Kacsoh & Schlenke, 2012). This implies that the high resistance in our field 
populations could lack some specific components that would be required for the defenses 
against other species. Additionally, the resistance in the field lines that we measured may 
not have evolved under selection by A. tabida, but by different parasitoid species. Yet, this 
is unlikely to influence the main conclusions of this part of the thesis, namely the large 
phenotypic variation in resistance, which appears to have evolved along different 
evolutionary trajectories in natural populations. 
 
6.4 Genetic variation in encapsulation ability of D. melanogaster field lines 
To associate the phenotypic variation in resistance (Chapter 2) to genetic variation, within 
and among natural populations of D. melanogaster, I analyzed genetic variation in several 
candidate genes/putative loci for the immunological resistance against the parasitoid wasp 




parasitoid resistance within a 600kb block on chromosome 2R that showed signatures of 
selection in a whole-genome comparison of control and selection lines for parasitoid 
resistance (Jalvingh et al., 2014). I found diverse patterns of the genetic variation among 
natural population in 7 genes within this 600kb block, but I did not find concrete evidence 
for any of our sequenced genes being candidates for parasitoid resistance across all the 
natural populations. A SNP genotyping assay at the level of individual flies, which also 
included another set of SNPs that were identified in the aforementioned experimental 
selection study, did not show any consistent associations between genotypes of particular 
candidate SNPs and the individuals' resistance. These results lead to the conclusion that 
parasitoid resistance in these field lines was not causally determined by the occurrence of a 
particular allele, conferring high resistance, in the SNPs I tested. While this could mean that 
resistance is conferred by other, not tested, SNPs in these or other genes, I propose an 
alternative explanation, where within-line co-adapted gene complexes may be of more 
importance for determining resistance than any particular allele.  
In chapter 2 (Gerritsma et al., 2013) I found that the resistant lines showed 
substantial differences in immune responses to parasitoid attack, even among high 
resistant lines. This reiterates that local adaptation of host populations may lead to diverse, 
alternative mechanisms to overcome parasitism among these populations, because it is 
highly context dependent. The influence of any particular allele may be strongly dependent 
on the genetic background and environmental factors that have been shaping the evolution 
of resistance levels in the different lines. In that case, the occurrence of within line co-
adapted gene complexes (Dobzhansky & Wallace, 2003) may be as important as the 
acquisition or retaining of specific high-resistance conferring alleles. The combination of 
alleles that provides a fitness advantage depends on the interactions of these alleles. The 
particular combination that yields a fitness advantage depends on the genetic background 
of the population but also the environmental factors that have shaped the population, each 
population evolving different combinations and interactions between alleles which are 
beneficial to the individuals of that particular population. A good example of the 
occurrence of co-adapted gene complexes in Drosophila was demonstrated by Dobzansky 
(experiment described in (Wright & Dobzhansky, 1946)). He was the first to demonstrate 
the occurrence of coapdatation of alleles in D. pseudoobscura by studying naturally 
occurring inversions in populations. Dobzansky showed that particular polymorphic 
combinations within the inversions were repeatedly favored in repeated population cage 
experiments  Another example of coadapted gene complexes is a study on postmating 
isolation (e.g. hybridization tests) between individuals from populations of Hawaiian 
Drosophila. Ohta (Ohta, 1980) showed that two different sets of co-adaptive gene 




differences in breeding site ecology of the tested populations. With the possibility of 
coadapted gene complexes in mind, consistent genotype-phenotype association patterns 
among lines are perhaps not to be expected, since this assumes the same alleles would 
confer a higher parasitoid resistance in all lines. 
In Chapter 4 we focused on immune receptors. Immune receptors are at the interface of 
host-pathogen interactions and are therefore likely to diverge fast due to co-evolution. In 
an earlier study, we found strong sequence divergence across Drosophila species in some 
receptors that are up-regulated after parasitoid attack (Salazar-Jaramillo et al., 2014). 
Additionally, the level of expression of one of these receptors, Tep1, correlated with the 
level of immunological resistance of the species (Salazar-Jaramillo et al., 2014). To test 
whether we could find similar patterns within one species of Drosophila, we sequenced 
DNA fragments of five immune receptors using eight field lines of D. melanogaster that 
differ in resistance against the parasitoid A. tabida. Only one of the five genes, Tep1, 
showed considerable sequence variation. This was reflected in rare polymorphisms 
scattered throughout the gene and high heterozygosity, particularly in four SNP sites. 
Expression of this gene was measured in four of the field lines after parasitoid attack, and it 
was up-regulated in all lines, with subtle differences in the timing and level of expression 
among lines. Also in Tep1, we did not find any consistent genotype-phenotype association 
patterns among the field lines. This may reflect Red Queen dynamics, which is especially 
expected in genes at the interface between hosts and parasites, such as immune receptors, 
with cycles of co-evolution leading to maintenance of large genetic variation. Again, we find 
substantially different patterns among the field lines within the D. melanogaster species 
than in a between-species comparison. This could signify that local adaptation to strong 
selection pressures can proceed very rapidly to fine-tune the genetic variation to the 
prevailing conditions and local parasite communities (Red Queen dynamics), as is suggested 
in Chapter 3, while the differences among species emphasizes the evolutionary divergence 
of traits at much longer time scales. 
Maintaining a high genetic diversity at particular loci may become a target of 
selection, when the diversity itself is advantageous to the host. For example, heterozygosity 
in an immune receptor may enable the host to interact with a wider range of parasites than 
homozygous individuals. Additionally, parasites encounter hosts with various genotypes, 
and may evolve adaptive responses against specific host genotypes that are abundant in 
the populations. The host can then benefit from producing offspring with a high diversity of 
genotypes, or with rare alleles, as that increases their chances of producing offspring with 
genotypes to which the parasite has not yet adapted. Therefore, genetic variation is 
considered to be the main factor in overcoming parasite susceptibility (Lazzaro et al., 2006; 




2012; Decaestecker et al., 2013). Selective maintenance of genetic variation in the immune 
response could occur, for example, through balancing selection, by heterozygote advantage 
or frequency dependent selection (Hughes & Nei, 1989; Garrigan & Hedrick, 2003; 
Borghans et al., 2004; Hartl & Clark, 2007; Decaestecker et al., 2013). Copy number variants 
and gene duplications may also increase the availability of polymorphic sites. In the case of 
the immune receptor Tep1, the high genetic diversity and heterozygosity that we found 
may thus reflect the selective maintenance of polymorphisms, Red Queen dynamics with a 
co-evolving parasite, as well as the local adaptation of the field lines. 
 From these combined results, it emerges that the genetic architecture for the 
immune response has evolved differentially among the populations of D. melanogaster. 
This likely reflects that evolution of parasitoid resistance is highly context dependent with 
many factors determining the evolutionary outcome. Specifically, the starting point of the 
genetic composition differs among natural populations, as well as the selection pressures 
and genetic drift that these populations experienced. Combined, this lead to different 
allelic combinations in different populations, even though the resulting phenotype could be 
the same: high resistance against parasitoids through encapsulation.  To identify the 
genetic composition that is responsible for high resistance, however, becomes extremely 
difficult in this situation. Perhaps, it is even an impossible task to associate similar 
genotypes of individuals from different populations of D. melanogaster to parasitoid 
resistance. We therefore recommend a genome-wide association study (GWAS), performed 
for several high-resistant field lines, to identify the various evolutionary trajectories that 
may have led to the huge variation that we observe in resistance against parasites. The 
genotypes of resistant and susceptible individuals within a population can then be directly 
associated to their phenotypic variation in resistance for various natural populations. 
Analyzing these field lines separately would allow for the identification of particular 
combinations of loci that contribute to resistance in each particular background, while 
analyzing the combined data may reveal subtle commonalities among the field lines (see 
also section 6.6 Future work).  
 
6.5 Microbiome variation in D. melanogaster field lines 
Apart from the role of genetic variation to explain the large variation we observe in 
parasitoid resistance, we also considered the effect of the microbiome of D. melanogaster 
on parasitoid resistance. A number of studies subjected various Drosophila species to 
antibiotic treatment and found several host physiological responses to be altered by it, 
including immunity and resistance to parasitoids and pathogens (Panteleev et al., 2007; 




attributed to bacteria of the genus Wolbachia, a widespread endosymbiont of arthropods 
(Bourtzis et al., 1996). However, most of these studies did not verify whether the antibiotic 
treatment also affected other bacterial taxa in the microbiome of Drosophila, such as gut-
associated bacteria (Shin et al., 2011) or microbes that reside on its exogenous body parts 
(Brummel et al., 2004). The microbiome can affect many other aspects of the biology of 
Drosophila, including lifespan (Brummel et al., 2004), intestinal stem cell activity (Buchon et 
al., 2009), kin recognition and mate choice (Sharon et al., 2010; Lizé et al., 2013). We 
showed that parasitoid resistance could also be altered by modifying the composition of 
the microbiome (chapter 5). This may suggest that the phenotypic and genetic variation 
among natural populations in parasite resistance is perhaps partially mediated by the 
complex interactions between the host and its microbiome.   
While the microbiome may influence parasitoid resistance (chapter 5), as well as a range of 
other biological processes (Sommer & Bäckhed, 2013), it is still not completely clear what 
factors shape this microbiome in natural populations. These host-symbiont interactions 
could differ among natural populations, depending on local conditions and perhaps even 
local selection pressures. Previous research had indicated that the microbiome of D. 
melanogaster is largely determined by diet (Chandler et al., 2011; Wong et al., 2013). We 
were interested in the causes and consequences of differences in microbiome in the 
absence of diet, as these could indicate that the hosts and the associated microbiome can 
become a unit for selection. When the host establishes long-term associations with its 
microbiome, and/or the host population genetic background influences the microbiome 
composition, this would provide scope for selection (e.g. for increased parasitoid 
resistance) to not only act on the host, but also on its associated microbiome.  
To determine whether the microbiome composition varies among natural 
populations, we characterized the microbiome of six field lines that were derived from 
genetically differentiated and geographically distant natural populations across Europe 
(Chapters 2 & 3), and were maintained on identical diet. Our data showed that D. 
melanogaster lines differed in bacterial community diversity and composition, despite 
being cultured on the same diet for 4 years. This finding suggests that the host population 
background may indeed play an important role in shaping the microbiome, despite the 
established view that diet is the key determinant in Drosophila-microbiome system. The 
exact mechanisms of these differences are yet to be determined, but could include both 
founder effects (i.e., the microbiome of the original founders of the field lines) and 
differences in the genetic or physiological compatibilities between host populations and 
their microbiome. 
Additionally, we investigated whether components of the Drosophila microbiome 




antibiotics. Antibiotic treatment resulted in changed resistance to the parasitoid Asobara 
tabida in three lines: two lines increased in resistance to the parasitoid, while the resistance 
in one line decreased. Since different lines responded differently to the antibiotic 
treatment, we hypothesize that various bacteria can have a different function depending on 
the host genotypic background and/or the total microbiome composition. Therefore 
removal or acquisition of a certain bacterial taxon could lead to the opposite phenotypic 
effect (or no effect at all) in different Drosophila populations. We observed changes in the 
resistance after the antibiotic treatment in the STA line (St. Andrews, Scotland) that 
naturally lacks Wolbachia infection. Therefore, we suspect that the intracellular 
endosymbiont is not the sole cause of the observed phenotype – the changed ability to 
resist the parasitoid. Moreover, this re-emphasizes that ignoring the total bacterial 
community change after antibiotic treatment, and assuming that Wolbachia alone is the 
cause of the change in the host phenotype, may often not be justified (Weeks et al., 2002). 
Therefore, studies looking at changes in the resistance after antibiotic treatment and 
pointing at Wolbachia as its only cause (e.g., Panteleev et al., 2007; Texeira et al., 2008) 
should be revised.  
Further research is necessary to verify whether the differences among D. 
melanogaster lines persist through multiple generations and to determine which 
component(s) of Drosophila microbiome affects host resistance. If the observed differences 
in the Drosophila microbiome among the various field lines indeed reflect, at least in part, 
founder effects that originated from natural populations, this would imply that the 
differences in microbiome persisted over the many generations the flies were kept in the 
lab on identical medium and under identical conditions. This would be evidence that the 
composition of the microbiome can be transmitted across generations. We could test this, 
as the founder flies from the natural populations that were collected during field work have 
been stored (at -80 °C), and could still be screened for their microbiome composition. 
Persistence of differences in micobiome composition between the field lines over many 
generations would provide evidence for the hologenome theory of evolution. This theory 
postulates that the host can maintain a prolonged association with its microbiome, and 
together they form one unit - a holobiont - upon which selection acts (Zilber-Rosenberg & 
Rosenberg, 2008). The question remains, however, what in the hosts' background (diet 
versus genetic variation versus random events) determines the composition of the 
Drosophila microbiome. It is now clear that various factors play a role in shaping the 
bacterial community of the host (e.g., gut physiology, genetic variation in immunity, and/or 
the microbes it acquired in its natural environment). The relative importance of each of the 





6.6 Future work 
In this thesis I showed that the evolution of parasitoid resistance in natural populations of 
D. melanogaster has resulted in large phenotypic variation, ranging from 10 % to 90 % 
resistance. Moreover, lines that resemble each other in resistance level still show 
substantial differences in the immune response. Therefore, it is perhaps an impossible task 
to find shared loci across populations that explain the variation in resistance against 
parasitoids. To find the loci that explain the phenotypic variation in parasitoid resistance, I 
propose to genotype resistant and susceptible individuals within a population. Each 
population (or field line) contains both resistant and susceptible individuals. By associating 
the phenotypic variation of these individuals to genotypic variation enables the 
identification of putative loci for resistance, within the context of the shared genetic 
background of the sampled individuals. When this approach is performed for several 
populations, it will make comparisons between populations possible and it will enable us to 
identify the various evolutionary trajectories that may have led to the huge variation that 
we observe in resistance against parasites. We suggest using a genome-wide association 
study (GWAS) to associate phenotypic variation to genotypic variation. This could be 
performed on several of our field lines. Alternatively, the Drosophila Genetic Reference 
Panel (DGRP) could be used to perform the mapping analyses (Mackay et al., 2012). The 
DGRP is a community resource for analysis of population genomics and quantitative traits 
that consists of >200 presequenced inbred lines derived from a single natural population of 
D. melanogaster. This panel facilitates genotype–phenotype mapping using the power of 
Drosophila genetics. It is a relative cost-friendly approach to perform a GWAS, since the 
lines can be ordered, phenotyped and then these phenotypes can be mapped against the 
already available genotype of the ordered lines. Already many genome wide association 
studies have been performed on various phenotypes like male aggressiveness, ethanol 
sensitivity, lifespan, male copulation latency, locomotive behavior, starvation resistance, 
chill coma recovery, abdominal bristle number, sternal pleural bristle number, adult mRNA 
transcription levels and olfactory behavior and many more will follow (Mackay et al., 2012). 
A pilot study on only 30 lines of this DGRP already indicated that this approach has 
sufficient power to identify several putative loci for parasitoid resistance.  
To study whether co-adapted gene-complexes for the immune response against 
parasitoid attack are indeed present in the natural populations of D. melanogaster, crosses 
can be made between the different lines and the observed phenotype can be measured. If 
the hybridization between two highly resistant lines, for instance, reveals a decrease of 




Together with the results of the GWAS this could reveal evidence for co-adapted gene-
complexes.  
After candidate genes or loci have been identified by correlating the variation in 
parasitoid resistance to the variation in the genotype, the next step is to find actual causal 
relationships between genes and the resulting phenotype through mis-expression of the 
gene. Furthermore, by knocking-down candidate genes, the effect on other genes involved 
in the co-adapted gene-complexes can be measured with the use of micro-arrays or RNA-
seq. We suggest to use of the GAL4/UAS system (Box 1) for the misexpression of genes, but 
not using the usual background of w1118 D. melanogaster line. Parasitoid resistance is very 
low in this line, giving little scope to investigate phenotypic effects (i.e., reduced resistance) 
of the knock-down of a candidate gene. We recommend to use a genetic background that 
has a high parasitoid resistance, for instance, field lines derived from Gotheron, France and 
to cross the GAL4 drivers and UAS constructs into this background. Another 
recommendation would be to use tissue-specific drivers to get a better impression into 
which steps in the immunological cascade following parasitization are affected by knock-
down of candidate genes. 
In Chapter 5 we show that field lines differ in the community compositions of their 
microbiome. The question remains what in the hosts' population background (e.g., gut 
physiology, genetic variation in immunity, and/or the microbes it acquired in its natural 
environment) caused this strong effect? A study assessing the changes in the microbiome 
composition throughout longer periods of time could help verify whether the population 
specific microbiome composition can persist throughout multiple generations. 
Dechorionization of Drosophila eggs and switching medium between different lines, could 
clarify whether a founder effect plays an important role in determining bacterial 
communities. These experiments would demonstrate whether the host organism is 
selectively colonized by a subset of the bacterial community in the host’s environment, and 
whether this microbiome composition persists over multiple generations. To investigate 
how the specificity of the microbiome affects parasitoid resistance, line specific 
microbiomes can be transferred to a new host background and differences in resistance of 
the hosts can be measured. To know which specific component of the microbiome affects 
the resistance of the hosts against parasitoids, bacterial species have to be excluded or 
included from the hosts one by one.  





The results of this thesis give basic insights on the large phenotypic variation and the 
possible genetic basis of the immunological defence against parasitoid attack by means of 
melanotic encapsulation. We found substantially different patterns in phenotype 
(encapsulation success and hemocyte load composition) and genotype among the field 
lines, independent of the ability to encapsulate parasitoid eggs. This led us to hypothesize 
that the genetic architecture for fine-tuning the immune response has evolved 
differentially among the populations of D. melanogaster and that the mechanisms 
underlying the immune response are highly context dependent. We propose that local 
adaptation has led to diverse, alternative mechanisms to overcome parasitism among the 
sampled D. melanogaster populations. We hypothesize that the occurrence of within line 
co-adapted gene complexes is more important than the acquisition or retaining of specific 
high resistance conferring alleles. The results of this thesis give clear directives to future 
research that attempts to uncover the actual genetic basis of encapsulation ability in 
natural populations of D. melanogaster. We provided suggestions for future research such 
as genome-wide association studies, hybridization crosses between field lines, knock-down 
of candidate genes and a thorough examination of Drosophila microbiome and its effect on 








Bibliography         
 
Ahn, J., Sinha, R., Pei, Z., Dominianni, C., Wu, J., Shi, J., et al. 2013. Human gut microbiome 
and risk for colorectal cancer. J. Natl. Cancer Inst. 105: 1907–11. 
Aljanabi, S.M. & Martinez, I. 1997. Universal and rapid salt-extraction of high quality 
genomic DNA for PCR-based techniques. Nucleic Acids Res. 25: 4692–4693. 
Altermatt, F. & Ebert, D. 2008. Genetic diversity of Daphnia magna populations enhances 
resistance to parasites. Ecol. Lett. 11: 918–928. 
Antao, T., Lopes, A., Lopes, R.J., Beja-Pereira, A. & Luikart, G. 2008. LOSITAN: a workbench 
to detect molecular adaptation based on a Fst-outlier method. BMC Bioinformatics 9: 
323. 
Ashburner, M., Golic, K.G. & Hawley, R.S. 2005. Drosophila: A laboratory handbook, second 
edition. Cold Spring Harbor Laboratory Press, New York. 
Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., et al. 2011. 
Induction of colonic regulatory T cells by indigenous Clostridium species. Science 331: 
337–41. 
Ball, E.E., Decouet, H.G., Horn, P.L. & Quinn, J.M.A. 1987. Hemocytes secrete basement 
membrane components in embryonic locusts. Development 99: 255–259. 
Bardou, P., Mariette, J., Escudié, F., Djemiel, C. & Klopp, C. 2014. jvenn: an interactive Venn 
diagram viewer. BMC Bioinformatics 15: 293. 
Beaumont, M.A. & Nichols, R.A. 1996. Evaluating loci for use in the genetic analysis of 
population structure. Proc. R. Soc. B-Biological Sci. 263: 1619–1626. 
Bikard, D. & Marraffini, L. a. 2012. Innate and adaptive immunity in bacteria: Mechanisms 





Blandin, S. & Levashina, E. a. 2004. Thioester-containing proteins and insect immunity. Mol. 
Immunol. 40: 903–908. 
Blum, J.E., Fischer, C.N., Miles, J. & Handelsman, J. 2013. Frequent replenishment sustains 
the beneficial microbiome of Drosophila melanogaster. MBio 4: e00860–13. 
Bordenstein, S.R., O’Hara, F.P. & Werren, J.H. 2001. Wolbachia-induced incompatibility 
precedes other hybrid incompatibilities in Nasonia. Nature 409: 707–10. 
Borghans, J.A.M., Beltman, J.B., Boer, R.J. De & De Boer, R.J. 2004. MHC polymorphism 
under host-pathogen coevolution. Immunogenetics 55: 732–739. 
Bou Aoun, R., Hetru, C., Troxler, L., Doucet, D., Ferrandon, D. & Matt, N. 2011. Analysis of 
thioester-containing proteins during the innate immune response of Drosophila 
melanogaster. J. Innate Immun. 3: 52–64.  
Boulétreau, M. 1986. The genetic and coevolutionary interaction between parasitoids and 
their hosts. In: Insect parasitoids: thirteenth symposium of the Royal Ento- mological 
Society of London (J. K. Waage & D. J. Greathead, eds), pp. 169–195. Academic Press, 
London. 
Boulétreau, M. & Fouillet, P. 1982. Variabilité génétique intrapopulation de l’adéquation de 
Drosophila melanogaster à un de ses parasites hyménoptères. Compte Rendu 
l’Académie des Sci. 295: 775–778. 
Bourtzis, K., Nirgianaki, A., Markakis, G. & Savakis, C. 1996. Wolbachia infection and 
cytoplasmic incompatibility in Drosophila species. Genetics 144: 1063–73. 
Bowden, L., Dheilly, N., Raftos, D. & Nair, S. 2007. New immune systems: pathogen-specific 
host defence, life history strategies and hypervariable immune-response genes of 
invertebrates. Invertebr. Surviv. J. 4: 127–136. 
Brehelin, M. 1982. Comparative study of structure and function of blood cells from two 
Drosophila species. Cell Tissue Res. 221: 607–615. 
Broderick, N.A. & Lemaitre, B. 2012. Gut-associated microbes of Drosophila melanogaster. 





Brummel, T., Ching, A., Seroude, L., Simon, A.F. & Benzer, S. 2004. Drosophila lifespan 
enhancement by exogenous bacteria. Proc. Natl. Acad. Sci. U. S. A. 101: 12974–9. 
Buchon, N., Broderick, N.A., Chakrabarti, S. & Lemaitre, B. 2009. Invasive and indigenous 
microbiota impact intestinal stem cell activity through multiple pathways in 
Drosophila. Genes Dev. 23: 2333–44. 
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., et al. 
2010. QIIME allows analysis of high-throughput community sequencing data. Nat. 
Methods 7: 335–6. 
Carton, Y. & Bouletreau, M. 1985. Encapsulation ability of Drosophila melanogaster: a 
genetic analysis. Dev. Comp. Immunol. 9: 175. 
Carton, Y., Frey, F. & Nappi, A. 1992. Genetic determinism of the cellular immune-reaction 
in Drosophila melanogaster. Heredity. 69: 393–399. 
Carton, Y. & Nappi, A.J. 1991. The Drosophila immune-reaction and the parasitoid capacity 
to evade it: genetic and coevolutionary aspects. Acta Oecologica-International J. Ecol. 
12: 89–104. 
Celniker, S.E., Dillon, L.A.L., Gerstein, M.B., Gunsalus, K.C., Henikoff, S., Karpen, G.H., et al. 
2009. Unlocking the secrets of the genome. Nature 459: 927–30. 
Chandler, J.A., Lang, J.M., Bhatnagar, S., Eisen, J.A. & Kopp, A. 2011. Bacterial communities 
of diverse Drosophila species: ecological context of a host-microbe model system. 
PLoS Genet. 7: e1002272.  
Chiu, J.C., Jiang, X., Zhao, L., Hamm, C.A., Cridland, J.M., Saelao, P., et al. 2013. Genome of 
Drosophila suzukii, the Spotted Wing Drosophila. G3 Genes|Genomes|Genetics 3: 
2257–2271. 
Chou, H.-H. & Holmes, M.H. 2001. DNA sequence quality trimming and vector removal. 




Christophides, G.K., Zdobnov, E., Barillas-Mury, C., Birney, E., Blandin, S., Blass, C., et al. 
2002. Immunity-related genes and gene families in Anopheles gambiae. Science 298: 
159–65. 
Clark, a G. 1990. Inference of haplotypes from PCR-amplified samples of diploid 
populations. Mol. Biol. Evol. 7: 111–122. 
Clark, K.D., Pech, L.L. & Strand, M.R. 1997. Isolation and identification of a plasmatocyte-
spreading peptide from the hemolymph of the lepidopteran insect Pseudoplusia 
includens. J. Biol. Chem. 272: 23440–23447. 
Corby-Harris, V., Pontaroli, A.C., Shimkets, L.J., Bennetzen, J.L., Habel, K.E. & Promislow, 
D.E.L. 2007. Geographical distribution and diversity of bacteria associated with 
natural populations of Drosophila melanogaster. Appl. Environ. Microbiol. 73: 3470–9. 
Corby-Harris, V. & Promislow, D.E.L. 2008. Host ecology shapes geographical variation for 
resistance to bacterial infection in Drosophila melanogaster. J. Anim. Ecol. 77: 768–
776. 
Crawley, M.J. 2007. The R book. John Wiley and Sons, Chichester, West Sussex. 
David, J. & Capy, P. 1988. Genetic variation of Drosophila melanogaster natural populations. 
Trends Genet. 4: 106–111. 
David, J.R., Gibert, P., Legout, H., Pétavy, G., Capy, P., Moreteau, B., et al. 2004. Isofemale 
lines in Drosophila: an empirical approach to quantitative trait analysis in natural 
populations. Heredity. 94: 3–12. 
De Gregorio, E., Spellman, P.T., Tzou, P., Rubin, G.M. & Lemaitre, B. 2002. The Toll and Imd 
pathways are the major regulators of the immune response in Drosophila. EMBO J. 
21: 2568–79. 
De Mita, S. & Siol, M. 2012. EggLib: processing, analysis and simulation tools for population 





Decaestecker, E., De Gersem, H., Michalakis, Y., Raeymaekers, J. a M., Gersem, H. De, 
Michalakis, Y., et al. 2013. Damped long-term host-parasite Red Queen 
coevolutionary dynamics: a reflection of dilution effects? Ecol. Lett. 16: 1455–1462. 
DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., et al. 2006. 
Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible 
with ARB. Appl. Environ. Microbiol. 72: 5069–72. 
Dishaw, L.J., Ota, T., Mueller, M.G., Cannon, J.P., Haire, R.N., Gwatney, N.R., et al. 2010. The 
basis for haplotype complexity in VCBPs, an immune-type receptor in amphioxus. 
Immunogenetics 62: 623–31. 
Dobzhansky, T. & Wallace, B. 2003. Dobzhansky’s Genetics of Natural Populations I-XLIII (R. 
C. Lewontin, J. A. Moore, W. B. Provine, & B. Wallace, eds). Columbia University 
Press. 
Dong, Y., Taylor, H.E. & Dimopoulos, G. 2006. AgDscam, a hypervariable immunoglobulin 
domain-containing receptor of the Anopheles gambiae innate immune system. PLoS 
Biol. 4: e229.  
Drosophila 12 Genomes Consortium, 2007. Evolution of genes and genomes on the 
Drosophila melanogaster phylogeny. n.d. Nature 450: 203–218. 
Dubuffet, a., Colinet, D., Anselme, C., Dupas, S., Carton, Y., Poirie, M., et al. 2009. Chapter 6: 
Variation of Leptopilina boulardi success in Drosophila hosts: what is inside the black 
box? Adv. Parasitol. 70: 147–188. 
Duffy, J.B. 2002. GAL4 system in Drosophila: a fly geneticist’s Swiss army knife. Genesis 34: 
1–15. 
Edgar, R.C. 2010. Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics 26: 2460–1. 
Elmer, K.R. & Meyer, A. 2011. Adaptation in the age of ecological genomics: Insights from 




Eslin, P. & Doury, G. 2006. The fly Drosophila subobscura: A natural case of innate immunity 
deficiency. Dev. Comp. Immunol. 30: 977–983. 
Eslin, P., Giordanengo, P., Fourdrain, Y. & Prévost, G. 1996. Avoidance of encapsulation in 
the absence of VLP by a braconid parasitoid of Drosophila larvae: An ultrastructural 
study. Can. J. Zool. Can. Zool. 74: 2193–2198. 
Eslin, P. & Prévost, G. 1998. Hemocyte load and immune resistance to Asobara tabida are 
correlated in species of the Drosophila melanogaster subgroup. J. Insect Physiol. 44: 
807–816. 
Eslin, P. & Prévost, G. 2000. Racing against host’s immunity defenses: a likely strategy for 
passive evasion of encapsulation in Asobara tabida parasitoids. J. Insect Physiol. 46: 
1161–1167. 
Eslin, P. & Prévost, G. 1996. Variation in Drosophila concentration of haemocytes 
associated with different ability to encapsulate Asobara tabida larval parasitoid. J. 
Insect Physiol. 42: 549–555. 
Evans, C.J., Hartenstein, V. & Banerjee, U. 2003. Thicker than blood: Conserved 
mechanisms in Drosophila and vertebrate hematopoiesis. Dev. Cell 5: 679–690. 
Fast, E.M., Toomey, M.E., Panaram, K., Desjardins, D., Kolaczyk, E.D. & Frydman, H.M. 2011. 
Wolbachia enhance Drosophila stem cell proliferation and target the germline stem 
cell niche. Science 334: 990–2. 
Fauvarque, M.-O. & Williams, M.J. 2011. Drosophila cellular immunity: a story of migration 
and adhesion. J. Cell Sci. 124: 1373–82. 
Feder, M.E. & Mitchell-Olds, T. 2003. Evolutionary and ecological functional genomics. Nat 
Rev Genet 4: 649–655. 
Fellowes, M.D.E., Kraaijeveld, A.R. & Godfray, H.C.J. 1999a. Association between feeding 






Fellowes, M.D.E., Kraaijeveld, A.R. & Godfray, H.C.J. 1999b. Cross-resistance following 
artificial selection for increased defense against parasitoids in Drosophila 
melanogaster. Evolution (N. Y). 53: 966–972. 
Fellowes, M.D.E., Kraaijeveld, A.R. & Godfray, H.C.J. 1998. Trade-off associated with 
selection for increased ability to resist parasitoid attack in Drosophila melanogaster. 
Proc. R. Soc. London Ser. B-Biological Sci. 265: 1553–1558. 
Ferrandon, D., Imler, J.-L., Hetru, C. & Hoffmann, J.A. 2007. The Drosophila systemic 
immune response: sensing and signalling during bacterial and fungal infections. Nat. 
Rev. Immunol. 7: 862–74. 
Franzenburg, S., Walter, J., Künzel, S., Wang, J., Baines, J.F., Bosch, T.C.G., et al. 2013. 
Distinct antimicrobial peptide expression determines host species-specific bacterial 
associations. Proc. Natl. Acad. Sci. U. S. A. 110: E3730–8. 
Fraune, S. & Bosch, T.C.G. 2007. Long-term maintenance of species-specific bacterial 
microbiota in the basal metazoan Hydra. Proc. Natl. Acad. Sci. U. S. A. 104: 13146–51. 
Frydenberg, J., Hoffmann, a a & Loeschcke, V. 2003. DNA sequence variation and latitudinal 
associations in hsp23,hsp26 and hsp27 from natural populations of Drosophila 
melanogaster. Mol. Ecol. 12: 2025–2032. 
Futuyma, D.J. 1986. Evolutionary Biology, second edition. Sinauer Associates, inc. 
Publishers, Sunderland, Massachusetts. 
Garrigan, D. & Hedrick, P.W. 2003. Perspective: Detecting adaptive molecular 
polymorphism: Lessons from the MHC. Evolution 57: 1707–1722. 
Gelman, A. & Su, Y.-S. 2013. arm: Data Analysis Using Regression and 
Multilevel/Hierarchical Models. Cambridge University Press, Cambridge.  
Gerritsma, S., Haan, A. de, Zande, L. van de & Wertheim, B. 2013. Natural variation in 
differentiated hemocytes is related to parasitoid resistance in Drosophila 




Godfray, H.C.J. 1994. Parasitoids: behavioural and evolutionary ecology. Princeton 
University Press, Princeton, N.J. 
Goodall-Copestake, W.P.P., Tarling, G. a. A. & Murphy, E.J.J. 2012. On the comparison of 
population-level estimates of haplotype and nucleotide diversity: a case study using 
the gene cox1 in animals. Heredity 109: 50–56.  
Goudet, J. 1995. FSTAT (Version 1.2): A computer program to calculate F-statistics. J. Hered. 
86: 485–486. 
Guyenot, E. 1913. Etudes biologiques sur une mouche, Drosophila ampelophila Low. I. 
Possibilite de vie aseptique pour l’individu et la lignee. Comptes Rendus l’Académie 
des Sci. 74: 97–99. 
Hadorn, E. & Graßmann, A. 1962. Drosophila und Pseudeucoila. IV. Artspezifische 
Unterschiede in der Abwehrreaktion auf verschieden resistente Wespenstӓmme. 
Schweizerische Gesellschaft für Vererbungsforsch. Jahresbericht 37: 21–27. 
Hadorn, E. & Walker, I. 1960. Drosophila und Pseudeucoila. I. Selektionsversuch zur 
Steigerung der Abwehrreaktion des Wirtes gegen den Parasiten. Rev. Suisse Zool. 67: 
216–225. 
Hartl, D.L. & Clark, A.G. 2007. Principles of population genetics, 4th ed. W. H. Freeman & 
Company. 
Havard, S., Doury, G., Ravallec, M., Brehelin, M., Prévost, G. & Eslin, P. 2012. Structural and 
functional characterization of pseudopodocyte, a shaggy immune cell produced by 
two Drosophila species of the obscura group. Dev. Comp. Immunol. 36: 323–331. 
Havard, S., Eslin, P., Prévost, G. & Doury, G. 2009. Encapsulation ability: Are all Drosophila 
species equally armed? An investigation in the obscura group. Can. J. Zool. Can. Zool. 
87: 635–641. 
Hita, M., Espagne, E., Lemeunier, F., Pascual, L., Carton, Y., Periquet, G., et al. 2006. 
Mapping candidate genes for Drosophila melanogaster resistance to the parasitoid 





Hughes, A.L. & Nei, M. 1989. Nucleotide substitution at Major Histocompatibility Complex 
class-Ii loci - evidence for overdominant selection. Proc. Natl. Acad. Sci. U. S. A. 86: 
958–962. 
Hughes, A.L. & Yeager, M. 1998. Natural selection at major histocompatibility complex loci 
of vertebrates. Annu. Rev. Genet. 32: 415–35. 
Irving, P., Ubeda, J.-M., Doucet, D., Troxler, L., Lagueux, M., Zachary, D., et al. 2005. New 
insights into Drosophila larval haemocyte functions through genome-wide analysis. 
Cell. Microbiol. 7: 335–50. 
Jalvingh, K.M., Chang, P.L., Nuzhdin, S. V & Wertheim, B. 2014. Genomic changes under 
rapid evolution: selection for parasitoid resistance. Proc. R. Soc. B Biol. Sci. 281: 
20132303. 
Jiggins, F.M. & Kim, K.-W. 2006. Contrasting evolutionary patterns in Drosophila immune 
receptors. J. Mol. Evol. 63: 769–80. 
Jombart, T. 2008. adegenet: a R package for the multivariate analysis of genetic markers. 
Bioinformatics 24: 1403–5. 
Jones, R.T., Sanchez, L.G. & Fierer, N. 2013. A cross-taxon analysis of insect-associated 
bacterial diversity. PLoS One 8: e61218. 
Jung, S.H., Evans, C.J., Uemura, C. & Banerjee, U. 2005. The Drosophila lymph gland as a 
developmental model of hematopoiesis. Development 132: 2521–2533. 
Kacsoh, B.Z. & Schlenke, T.A. 2012. High hemocyte load is associated with increased 
resistance against parasitoids in Drosophila suzukii, a relative of D. melanogaster. 
PLoS One 7: e34721. 
Keebaugh, E.S. & Schlenke, T. a. 2012. Adaptive evolution of a novel Drosophila lectin 
induced by parasitic wasp attack. Mol. Biol. Evol. 29: 565–577. 
Klein, J., Sato, A. & Nikolaidis, N. 2007. MHC, TSP, and the origin of species: from 




Koukou, K., Pavlikaki, H., Kilias, G., Werren, J.H., Bourtzis, K. & Alahiotis, S.N. 2006. Influence 
of antibiotic treatment and Wolbachia curing on sexual isolation among Drosophila 
melanogaster cage populations. Evolution 60: 87–96. 
Kraaijeveld, A.R., Ferrari, J. & Godfray, H.C.J. 2002. Costs of resistance in insect-parasite and 
insect-parasitoid interactions. Parasitology 125 Suppl: S71–S82. 
Kraaijeveld, A.R. & Godfray, H.C.J. 1999. Geographic patterns in the evolution of resistance 
and virulence in Drosophila and its parasitoids. Am. Nat. 153: S61–S74. 
Kraaijeveld, A.R. & Godfray, H.C.J. 2001. Is there local adaptation in Drosophila-parasitoid 
interactions? - Evol. Ecol. Res. 3: 107–116. 
Kraaijeveld, A.R. & Godfray, H.C.J. 1997. Trade-off between parasitoid resistance and larval 
competitive ability in Drosophila melanogaster. Nature 389: 278–280. 
Kraaijeveld, A.R., Limentani, E.C. & Godfray, H.C.J. 2001. Basis of the trade-off between 
parasitoid resistance and larval competitive ability in Drosophila melanogaster. Proc. 
R. Soc. London Ser. B-Biological Sci. 268: 259–261. 
Kraaijeveld, A.R. & van Alphen, J.J.M. 1995. Geographic variation in encapsulation ability of 
Drosophila melanogaster and evidence for parasitoid-specific components. Am. Nat. 
9: 10–17. 
Kraaijeveld, A.R. & van Alphen, J.J.M. 1994. Geographic variation in resistance of the 
parasitoid Asobara tabida against encapsulation by Drosophila melanogaster: the 
mechanism explored. Am. Nat. 19: 9–14. 
Kraaijeveld, A.R. & Wertheim, B. 2009. Costs and genomic aspects of Drosophila immunity 
to parasites and pathogens. In: Insect infection and Immunity (J. Rolff & S. Reynolds, 
eds), pp. 187–205. Oxford. 
Lagueux, M., Perrodou, E., Levashina, E. a, Capovilla, M. & Hoffmann, J. a. 2000. 
Constitutive expression of a complement-like protein in toll and JAK gain-of-function 





Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R., McGettigan, P.A., McWilliam, H., et 
al. 2007. Clustal W and Clustal X version 2.0. Bioinformatics 23: 2947–8. 
Lavine, M.D. & Strand, M.R. 2002. Insect hemocytes and their role in immunity. Insect 
Biochem. Mol. Biol. 32: 1295–1309. 
Lazzaro, B.P., Sackton, T.B. & Clark, A.G. 2006. Genetic variation in Drosophila melanogaster 
resistance to infection: A comparison across bacteria. Genetics 174: 1539–1554. 
Lee, M.J., Kalamarz, M.E., Paddibhatla, I., Small, C., Rajwani, R. & Govind, S. 2009. Virulence 
factors and strategies of Leptopilina spp.: selective responses in Drosophila hosts. 
Adv. Parasitol. 70: 123–45. 
Lee, W.-J. & Brey, P.T. 2013. How microbiomes influence metazoan development: insights 
from history and Drosophila modeling of gut-microbe interactions. Annu. Rev. Cell 
Dev. Biol. 29: 571–92. 
Lemaitre, B. & Hoffmann, J. 2007. The host defense of Drosophila melanogaster. Annu. Rev. 
Immunol. 25: 697–743. 
Levashina, E. a, Moita, L.F., Blandin, S., Vriend, G., Lagueux, M. & Kafatos, F.C. 2001. 
Conserved role of a complement-like protein in phagocytosis revealed by dsRNA 
knockout in cultured cells of the mosquito, Anopheles gambiae. Cell 104: 709–718. 
Lhocine, N., Ribeiro, P.S., Buchon, N., Wepf, A., Wilson, R., Tenev, T., et al. 2008. PIMS 
modulates immune tolerance by negatively regulating Drosophila innate immune 
signaling. Cell Host Microbe 4: 147–158. 
Librado, P. & Rozas, J. 2009. DnaSP v5: a software for comprehensive analysis of DNA 
polymorphism data. Bioinformatics 25: 1451–1452. 
Litman, G.W., Rast, J.P. & Fugmann, S.D. 2010. The origins of vertebrate adaptive immunity. 
Nat. Rev. Immunol. 10: 543–53. 
Little, T.J. & Cobbe, N. 2005. The evolution of immune-related genes from disease carrying 
mosquitoes: diversity in a peptidoglycan- and a thioester-recognizing protein. Insect 




Lizé, A., McKay, R. & Lewis, Z. 2013. Kin recognition in Drosophila: the importance of 
ecology and gut microbiota. ISME J. 8: 469–77.  
Lodish, H., Berk, A., Zipursky, S.L., Matsudaira, P., Baltimore, D. & Darnell, J. 2000. 
Molecular Cell Biology. W. H. Freeman. 
Long, T.A.F., Pischedda, A. & Rice, W.R. 2010. Remating in Drosophila melanogaster: are 
indirect benefits condition dependent? Evolution (N. Y). 64: 2767–2774. 
Lozupone, C., Hamady, M. & Knight, R. 2006. UniFrac--an online tool for comparing 
microbial community diversity in a phylogenetic context. BMC Bioinformatics 7: 371. 
Lynch, M. 2010. Evolution of the mutation rate. Trends Genet. 26: 345–352.  
Ma, W.-J., Kuijper, B., de Boer, J.G., van de Zande, L., Beukeboom, L.W., Wertheim, B., et al. 
2013. Absence of complementary sex determination in the parasitoid wasp genus 
Asobara (Hymenoptera: Braconidae). PLoS One 8: e60459.  
Mackay, T.F.C., Richards, S., Stone, E.A., Barbadilla, A., Ayroles, J.F., Zhu, D., et al. 2012. The 
Drosophila melanogaster Genetic Reference Panel. Nature 482: 173–8.  
Marshall, O.J. 2004. PerlPrimer: cross-platform, graphical primer design for standard, 
bisulphite and real-time PCR. Bioinformatics 20: 2471–2472. 
Maruyama, T. & Nei, M. 1981. Genetic variability maintained by mutation and 
overdominant selection in finite populations. Genetics 98: 441–59. 
McKean, K.A. & Lazzaro, B.P. 2011. The costs of immunity and the evolution of 
immunological defense mechanisms. In: Molecular mechanisms of life history 
evolution (A. Heyland & T. Flatt, eds), pp. 299–310. Oxford University Press, Oxford, 
UK. 
McKean, K.A. & Nunney, L. 2001. Increased sexual activity reduces male immune function 





McTaggart, S.J., Obbard, D.J., Conlon, C. & Little, T.J. 2012. Immune genes undergo more 
adaptive evolution than non-immune system genes in Daphnia pulex. BMC Evol. Biol. 
12: 63. 
Meister, M. 2004. Blood cells of Drosophila: cell lineages and role in host defence. Curr. 
Opin. Immunol. 16: 10–5. 
Meister, M. & Lagueux, M. 2003. Drosophila blood cells. Cell. Microbiol. 5: 573–580. 
Monconduit, H. & Prévost, G. 1994. Avoidance of encapsulation by Asobara tabida, a larval 
parasitoid of Drosophila species. Nor. J. Agric. Sci. 16: 301–309. 
Moreau, S.J.M., Vinchon, S., Cherqui, A. & Prévost, G. 2009. Chapter 8: Components of 
Asobara venoms and their effects on hosts. Adv. Parasitol. 70: 217–232. 
Muta, T. & Iwanaga, S. 1996. The role of hemolymph coagulation in innate immunity. Curr. 
Opin. Immunol. 8: 41–47. 
Nappi, A., Poirie, M., Carton, Y., Poirié, M. & Carton, Y. 2009. Chapter 4: The role of 
melanization and cytotoxic by-products in the cellular immune responses of 
Drosophila against parasitic wasps. Adv. Parasitol. 70: 99–121.  
Nappi, A.J., Vass, E., Frey, F. & Carton, Y. 2000. Nitric oxide involvement in Drosophila 
immunity. Nitric Oxide-Biology Chem. 4: 423–430. 
Nei, M. 1979. Mathematical model for studying genetic variation in terms of restriction 
endonucleases. Proc. Natl. Acad. Sci. U. S. A. 76: 5269–5273. 
Nei, M. 1973. Analysis of gene diversity in subdivided populations. Proc. Natl. Acad. Sci. U. 
S. A. 70: 3321–3. 
Nielsen, R., Bustamante, C., Clark, A.G., Glanowski, S., Sackton, T.B., Hubisz, M.J., et al. 
2005. A scan for positively selected genes in the genomes of humans and 




Nolte, V., Pandey, R.V., Kofler, R. & Schlötterer, C. 2013. Genome-wide patterns of natural 
variation reveal strong selective sweeps and ongoing genomic conflict in Drosophila 
mauritiana. Genome Res. 23: 99–110. 
Nuzhdin, S. V, Harshman, L.G., Zhou, M. & Harmon, K. 2007. Genome-enabled hitchhiking 
mapping identifies QTLs for stress resistance in natural Drosophila. Heredity. 99: 313–
321. 
Nuzhdin, S. V & Turner, T.L. 2013. Promises and limitations of hitchhiking mapping. Curr. 
Opin. Genet. Dev. 23: 694–699. 
Obbard, D.J., Callister, D.M., Jiggins, F.M., Soares, D.C., Yan, G. & Little, T.J. 2008. The 
evolution of TEP1, an exceptionally polymorphic immunity gene in Anopheles 
gambiae. BMC Evol. Biol. 8: 274. 
Obbard, D.J., Welch, J.J., Kim, K.W. & Jiggins, F.M. 2009a. Quantifying adaptive evolution in 
the Drosophila immune system. PLoS Genet. 5. 
Obbard, D.J., Welch, J.J. & Little, T.J. 2009b. Inferring selection in the Anopheles gambiae 
species complex: an example from immune-related serine protease inhibitors. Malar. 
J. 8: 117. 
Ochando, M.D., Reyes, A. & Ayala, F.J. 1996. Multiple paternity in two natural populations 
(orchard and vineyard) of Drosophila. Proc. Natl. Acad. Sci. U. S. A. 93: 11769–11773. 
Ohta, A.T. 1980. Coadaptive gene complexes in incipient species of Hawaiian Drosophila. 
Am. Nat. 115: 121-132. 
Ohtoko, K., Ohkuma, M., Moriya, S., Inoue, T., Usami, R. & Kudo, T. 2000. Diverse genes of 
cellulase homologues of glycosyl hydrolase family 45 from the symbiotic protists in 
the hindgut of the termite Reticulitermes speratus. Extremophiles 4: 343–349. 
Oprecht, E. & Hadorn, E. 1952. Stock-specific defense reactions against a parasite. Drosoph. 





Paaby, A.B., Blacket, M.J., Hoffmann, A. a. & Schmidt, P.S. 2010. Identification of a 
candidate adaptive polymorphism for Drosophila life history by parallel independent 
clines on two continents. Mol. Ecol. 19: 760–774. 
Palmieri, N., Kosiol, C. & Schlötterer, C. 2014. The life cycle of Drosophila orphan genes. 
Elife 3: e01311.  
Panteleev, D.Y., Goryacheva, I.I., Andrianov, B. V., Reznik, N.L., Lazebny, O.E. & Kulikov, A.M. 
2007. The endosymbiotic bacterium Wolbachia enhances the nonspecific resistance 
to insect pathogens and alters behavior of Drosophila melanogaster. Russ. J. Genet. 
43: 1066–1069. 
Parham, P., Lomen, C.E., Lawlor, D.A., Ways, J.P., Holmes, N., Coppin, H.L., et al. 1988. 
Nature of polymorphism in HLA-A, -B, and -C molecules. Proc. Natl. Acad. Sci. U. S. A. 
85: 4005–9. 
Paterson, S., Vogwill, T., Buckling, A., Benmayor, R., Spiers, A.J., Thomson, N.R., et al. 2010. 
Antagonistic coevolution accelerates molecular evolution. Nature 464: 275–278.  
Peakall, R. & Smouse, P.E. 2012. GenAlEx 6.5: genetic analysis in Excel. Population genetic 
software for teaching and research-an update. Bioinformatics 28: 2537–2539. 
Peakall, R. & Smouse, P.E. 2006. GENALEX 6: genetic analysis in Excel. Population genetic 
software for teaching and research. Mol. Ecol. Notes 6: 288–295. 
Pech, L.L. & Strand, M.R. 1996. Granular cells are required for encapsulation of foreign 
targets by insect haemocytes. J. Cell Sci. 109: 2053–2060. 
Penn, D.J. & Ilmonen, P. 2005. Major Histocompatibility Complex (MHC). eLS. vol. 145. 
Poirie, M., Frey, F., Hita, M., Huguet, E., Lemeunier, F., Periquet, G., et al. 2000. Drosophila 
resistance genes to parasitoids: chromosomal location and linkage analysis. Proc. R. 
Soc. London Ser. B-Biological Sci. 267: 1417–1421. 
Powell, J.R. 1997. Progress and prospects in evolutionary biology: the Drosophila model. 




Price, M.N., Dehal, P.S. & Arkin, A.P. 2009. FastTree: computing large minimum evolution 
trees with profiles instead of a distance matrix. Mol. Biol. Evol. 26: 1641–50. 
Ramakers, C., Ruijter, J.M., Deprez, R.H.L. & Moorman, A.F.M. 2003. Assumption-free 
analysis of quantitative real-time polymerase chain reaction (PCR) data. Neurosci. 
Lett. 339: 62–6. 
Reboli, A.C. & Farrar, W.E. 1988. Infections due to nonanthrax Bacillus species, Kurthia, and 
Rothia. In: Laboratory diagnosis of infectious diseases: principles and practice (A. 
Balows, W. J. Hausler Jr., M. Ohashi, & A. Turano, eds), pp. 69–82. Springer-Verlag, 
New-York. 
Ridley, E. V, Wong, A.C.-N., Westmiller, S. & Douglas, A.E. 2012. Impact of the resident 
microbiota on the nutritional phenotype of Drosophila melanogaster. PLoS One 7: 
e36765. 
Ritz, C. & Spiess, A.-N. 2008. qpcR: an R package for sigmoidal model selection in 
quantitative real-time polymerase chain reaction analysis. Bioinformatics 24: 1549–
1551. 
Rizki, T.M. & Rizki, R.M. 1980. Properties of the larval hemocytes of Drosophila 
melanogaster. Experientia 36: 1223–1226. 
Rizki, T.M., Rizki, R.M. & Bellotti, R.A. 1985. Genetics of a Drosophila phenoloxidase. Mol. 
Gen. Genet. 201: 7–13. 
Rolff, J. & Reynolds, S.E. 2009. Chapter 1: Introducing insect infection and immunity. In: 
Insect infection and immunity (J. Rolff & S. E. Reynolds, eds), p. 9. Oxford University 
Press, Oxford. 
Rolff, J. & Siva-Jothy, M.T. 2003. Invertebrate ecological immunology. Science 301: 472–
475. 
Rousset, F. 1997. Genetic differentiation and estimation of gene flow from F-statistics 





Rubin, G.M. & Lewis, E.B. 2000. A brief history of Drosophila’s contributions to genome 
research. Science 287: 2216–2218. 
Russo, J., Dupas, S., Frey, F., Carton, Y. & Brehelin, M. 1996. Insect immunity: early events in 
the encapsulation process of parasitoid (Leptopilina boulardi) eggs in resistant and 
susceptible strains of Drosophila. Parasitology 112: 135–142. 
Ryu, J.-H., Kim, S.-H., Lee, H.-Y., Bai, J.Y., Nam, Y.-D., Bae, J.-W., et al. 2008. Innate immune 
homeostasis by the homeobox gene caudal and commensal-gut mutualism in 
Drosophila. Science 319: 777–82. 
Sackton, T.B., Lazzaro, B.P. & Clark, A.G. 2010. Genotype and gene expression associations 
with immune function in Drosophila. PLoS Genet. 6. 
Sackton, T.B., Lazzaro, B.P., Schlenke, T.A., Evans, J.D., Hultmark, D. & Clark, A.G. 2007. 
Dynamic evolution of the innate immune system in Drosophila. Nat. Genet. 39: 1461–
1468. 
Salazar-Jaramillo, L., Paspati, A., Van De Zande, L., Vermeulen, C.J., Schwander, T. & 
Wertheim, B. 2014. Evolution of a cellular immune response in Drosophila: a 
phenotypic and genomic comparative analysis. Genome Biol. Evol. 6: 273–289. 
Schlegel-Oprecht, E. 1953. Versuche zur Auslösung von Mutationen bei der zoophagen 
Cynipide Pseudeucoila bochei Weld und Befunde über die stammspezifische 
Abwehrreaktion des Wirtes Drosophila melanogaster. Zeitschrift für Indukt. 
Abstammungs- und Verer- bungslehre 85: 245–281. 
Schlenke, T. a., Morales, J., Govind, S. & Clark, A.G. 2007. Contrasting infection strategies in 
generalist and specialist wasp parasitoids of Drosophila melanogaster. PLoS Pathog. 
3: e158. 
Schlötterer, C. 2003. Hitchhiking mapping - functional genomics from the population 
genetics perspective. Trends Genet. 19: 32–38. 
Schmid-Hempel, P. 2005. Evolutionary ecology of insect immune defenses. Annu. Rev. 




Schmid-Hempel, P. 2003. Variation in immune defence as a question of evolutionary 
ecology. Proc. R. Soc. B-Biological Sci. 270: 357–366. 
Schulenburg, H., Kurtz, J., Moret, Y. & Siva-Jothy, M.T. 2009. Introduction. Ecological 
immunology. Philos. Trans. R. Soc. London.Series B, Biol. Sci. 364: 3–14. 
Sharon, G., Segal, D., Ringo, J.M., Hefetz, A., Zilber-Rosenberg, I. & Rosenberg, E. 2010. 
Commensal bacteria play a role in mating preference of Drosophila melanogaster. 
Proc. Natl. Acad. Sci. U. S. A. 107: 20051–6. 
Shin, S.C., Kim, S.-H., You, H., Kim, B., Kim, A.C., Lee, K.-A., et al. 2011. Drosophila 
microbiome modulates host developmental and metabolic homeostasis via insulin 
signaling. Science 334: 670–4. 
Siva-Jothy, M.T., Moret, Y. & Rolff, J. 2005. Insect immunity: An evolutionary ecology 
perspective. Adv. Insect Physiol. Vol 32 32: 1–48. 
Sommer, F. & Bäckhed, F. 2013. The gut microbiota--masters of host development and 
physiology. Nat. Rev. Microbiol. 11: 227–38.  
Sommer, S. 2005. The importance of immune gene variability (MHC) in evolutionary 
ecology and conservation. Front. Zool. 2: 16. 
Staubach, F., Baines, J.F., Künzel, S., Bik, E.M. & Petrov, D.A. 2013. Host species and 
environmental effects on bacterial communities associated with Drosophila in the 
laboratory and in the natural environment. PLoS One 8: e70749. 
Stephens, M. & Donnelly, P. 2003. A comparison of Bayesian methods for haplotype 
reconstruction from population genotype data. Am. J. Hum. Genet. 73: 1162–1169. 
Storelli, G., Defaye, A., Erkosar, B., Hols, P., Royet, J. & Leulier, F. 2011. Lactobacillus 
plantarum promotes Drosophila systemic growth by modulating hormonal signals 
through TOR-dependent nutrient sensing. Cell Metab. 14: 403–14. 
Strand, M.R. & Pech, L.L. 1995. Immunological basis for compatibility in parasitoid-host 





Stroschein-Stevenson, S.L., Foley, E., O’Farrell, P.H. & Johnson, A.D. 2006. Identification of 
Drosophila gene products required for phagocytosis of Candida albicans. PLoS Biol. 4: 
e4.  
Tancrède, C. 1992. Role of human microflora in health and disease. Eur. J. Clin. Microbiol. 
Infect. Dis. 11: 1012–5. 
R Development Core Team, R. 2011. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 
Teixeira, L., Ferreira, A. & Ashburner, M. 2008. The bacterial symbiont Wolbachia induces 
resistance to RNA viral infections in Drosophila melanogaster. PLoS Biol. 6: e2.  
Thrall, P.H., Laine, A.-L.L., Ravensdale, M., Nemri, A., Dodds, P.N., Barrett, L.G., et al. 2012. 
Rapid genetic change underpins antagonistic coevolution in a natural host-pathogen 
metapopulation. Ecol. Lett. 15: 425–435. 
Van Alphen, J.J.M. & Drijver, R.A.B. 1982. Host selection by Asobara tabida Nees 
(Braconidae, Alysiinae): a larval parasitoid of fruit inhabiting Drosophila species .1. 
Host stage selection with Drosophila melanogaster as host species. Netherlands J. 
Zool. 32: 215–231. 
Van Halen, L. 1973. A new evolutionary law. Evol. theory 1: 1–30. 
Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A., et al. 2002. 
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging 
of multiple internal control genes. Genome Biol. 3: RESEARCH0034. 
Wajnberg, E., Prévost, G. & Boulétreau, M. 1985. Genetic and epigenetic variation in 
Drosophila larvae suitability to a hymenopterous endoparasitoid. Entomophaga 30: 
187–191. 
Walker, I. 1959. Die Abwehrreaktion des Wirtes Drosophila melanogaster gegen die 




Wang, Q., Garrity, G.M., Tiedje, J.M. & Cole, J.R. 2007. Naive Bayesian classifier for rapid 
assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. 
Microbiol. 73: 5261–7. 
Waterhouse, R.M., Kriventseva, E. V, Meister, S., Xi, Z., Alvarez, K.S., Bartholomay, L.C., et al. 
2007. Evolutionary dynamics of immune-related genes and pathways in disease-
vector mosquitoes. Science 316: 1738–1743. 
Watson, F.L., Püttmann-Holgado, R., Thomas, F., Lamar, D.L., Hughes, M., Kondo, M., et al. 
2005. Extensive diversity of Ig-superfamily proteins in the immune system of insects. 
Science 309: 1874–8. 
Weeks, A.R., Tracy Reynolds, K. & Hoffmann, A.A. 2002. Wolbachia dynamics and host 
effects: what has (and has not) been demonstrated? Trends Ecol. Evol. 17: 257–262. 
Weiss, B. & Aksoy, S. 2011. Microbiome influences on insect host vector competence. 
Trends Parasitol. 27: 514–22. 
Wertheim, B., Kraaijeveld, A.R., Hopkins, M.G., Boer, M.W., Godfray, H.C.J., Walther Boer, 
M., et al. 2011. Functional genomics of the evolution of increased resistance to 
parasitism in Drosophila. Mol. Ecol. 20: 932–949. 
Wertheim, B., Kraaijeveld, A.R., Schuster, E., Blanc, E., Hopkins, M., Pletcher, S.D., et al. 
2005. Genome-wide gene expression in response to parasitoid attack in Drosophila. 
Genome Biol. 6: R94. 
Wigglesworth, V.B. 1972. The principles of insect physiology, 7th edition. Springer, London. 
Williams, M.J. 2007. Drosophila hemopoiesis and cellular immunity. J. Immunol. (Baltimore, 
Md. 1950) 178: 4711–4716. 
Wilson, R.C. & Doudna, J. a. 2013. Molecular mechanisms of RNA interference. Annu. Rev. 
Biophys. 42: 217–39. 
Wong, A.C.-N., Chaston, J.M. & Douglas, A.E. 2013. The inconstant gut microbiota of 





Wright, S. & Dobzhansky, T. 1946. Genetics of natural populations. XII. Experimental 
reproduction of some of the changes caused by natural selection in certain 
populations of Drosophila pseudoobscura. Genetics 31: 125–56. 
Wu, T.D. & Watanabe, C.K. 2005. GMAP: a genomic mapping and alignment program for 
mRNA and EST sequences. Bioinformatics 21: 1859–75. 
Zhou, Q. & Bachtrog, D. 2012. Sex-specific adaptation drives early sex chromosome 
evolution in Drosophila. Science 337: 341–5. 
Zhou, Q., Zhu, H., Huang, Q., Zhao, L., Zhang, G., Roy, S.W., et al. 2012. Deciphering neo-sex 
and B chromosome evolution by the draft genome of Drosophila albomicans. BMC 
Genomics 13: 109. 
Zilber-Rosenberg, I. & Rosenberg, E. 2008. Role of microorganisms in the evolution of 









Summary          
 
Populations of organisms have to cope with an ever-changing environment to which they 
constantly adapt. Each population experiences its own local set of biotic interactions (e.g. 
competitors, pathogens, natural enemies) and abiotic conditions (e.g. temperature and 
humidity), which are variable both among and within local environments. For example, a 
population of insects may have to deal with a sudden increase in pathogen abundance. 
Individuals in the population that survive pathogen attack likely contribute to the next 
generation, resulting in a quick adaptation of the population to these new conditions. 
During evolutionary adaptation, it is not the individual that evolves, but the allele 
frequencies in the population that change over time: those alleles that provide a higher 
chance of survival and reproduction will become more abundant. Individuals that 
successfully overcome pathogen infection and are able to produce offspring will transfer 
this pathogen resistance to their progeny, when at least part of that resistance is heritable. 
That is natural selection: the difference in survival and reproduction among individuals. 
Natural selection can lead to evolutionary adaptation, because individuals carrying a 
combination of genes that enable them to better cope with the local and current 
conditions in its habitat make up a larger proportion of that population over time. 
Heritable variation in genetic information is contained in the genome (all the DNA) 
of an organism. This genetic variation leads to variation among individuals in their traits, 
behaviour, and physiology, including their ability to deal with the (local) environmental 
conditions. Genetic variation is the raw material for evolution to act on, and its source is 
mutation and recombination. The heritable variation present in populations together with 
the selection pressures working on this variation make it possible for organisms to evolve 
and adapt to changing environments. However, the genome of organisms, as opposed to 
the variability of environments, is relatively fixed in its nucleotide sequence. Genes code for 
proteins and small changes can make these proteins better functional, but can also render 
them less functional or even non-functional. Additionally, genes are often involved in 
multiple processes, for example, both in development and immune responses. Changing 
the combination in amino acids in genes is therefore often constraint by other processes in 
which these genes are also involved. Therefore any mechanism to deal with variable 
environmental conditions has to come from (mostly) subtle genetic changes and a flexible 
use of the genetic information. For instance, targeting invading pathogens may not require 




more of the already existing protein could increase the efficiency of the response. In this 
case, it is not the actual coding part of the gene that changes in its composition; it is the 
regulation of the gene’s transcription that changes, which can either be the promotor 
region of the gene or other genes that are involved in regulating the gene.  
To study the genetic variation that underlies the variation of a particular trait 
requires a population genetics approach. By comparing allele frequencies within and 
among populations, it evaluates the evolutionary processes that affected these 
populations. These comparisons can be used, for example, to test for evolutionary 
relationships between populations, how populations adapted to their environment or how 
non-adaptive processes have shaped the genetic composition of the populations. The 
evolution of populations is governed by several processes, which were briefly described in 
chapter 1.  
The adaptive trait that I have focused on in this thesis is immunological resistance 
to parasitoid attack. The model host-parasitoid system I used comprised the fruit fly 
Drosophila melanogaster as a host, and its parasitoid Asobara tabida. These parasitoids 
are solitary wasps that lay eggs in the second instar of fruit fly larvae. The wasp 
eggs hatch just before the fly larvae initiate pupation. The wasp larvae then 
completely consume the developing fly inside the pupae. Several Drosophila species 
possess a defense mechanism that provides resistance against parasitoids, consisting of an 
immune response named melanotic encapsulation (Lavine & Strand, 2002). Encapsulation 
is mediated by differentiated hemocytes (blood cells); in particular lamellocytes, crystal 
cells and plasmatocytes, which eventually form a multilayered melanized capsule around 
the invading parasite. When the wasp egg is fully encapsulated and melanized, it can be 
sequestered and killed by cytotoxic processes (Nappi et al., 2000, 2009; Meister, 2004; 
Lemaitre & Hoffmann, 2007). Populations of D. melanogaster occur over a large geographic 
range, almost across the whole world and differ strongly in their ability to resist parasitoid 
attack (Kraaijeveld & van Alphen, 1995; Kraaijeveld & Godfray, 1999; Gerritsma et al., 2013, 
Chapter 2, this thesis). Resistance of D. melanogaster against A. tabida is a heritable trait 
and it can be artificially selected for in the laboratory (Kraaijeveld & Godfray, 1997; 
Fellowes et al., 1998; Jalvingh et al., 2014).  
In this thesis, my aim was to uncover the genetic basis for the natural variation in 
the immunological defense against parasitoids. I studied this heritable variation in 
immunological resistance among natural populations of D. melanogaster to investigate how 
local adaptation has shaped their evolution of parasitoid resistance. Flies were collected 
from natural populations throughout Europe and through a combination of immunological 
assays, parasitization assays, population genetics and gene expression experiments; I 




field lines against parasitoids. Apart from the role of genetic variation in the ability to resist 
parasitoid attack, the effect of the microbiome of D. melanogaster on parasitoid resistance 
was also considered, by characterizing the composition and diversity of bacterial 
communities in the field lines and comparing that to their resistance phenotype. 
 
Large variation in parasitoid resistance among European field lines 
The 24 field lines of D. melanogaster that I collected differed substantially in encapsulation 
ability, ranging from ~10% resistance in Northern Europe to ~90% resistance in Central-
Southern Europe (Chapter 2). I also studied the hemocyte composition and hemocyte load 
of the collected field lines, because encapsulation of parasitoid eggs is a cellular immune 
response. Previous studies had compared hemocyte load across Drosophila species and 
showed that species with a high parasitoid resistance had evolved a high constitutive 
hemocyte load and a strong hemocytic response inducible by parasitization (Eslin & 
Prevost, 1996; Eslin & Prévost, 1998). Also, in a comparison between D. melanogaster lines 
that were experimentally selected for increased resistance and their control lines, high 
parasitoid resistance was correlated to high numbers of circulating hemocytes (Kraaijeveld 
et al., 2001; Wertheim et al., 2011). In contrast to these previous findings, the within-
species variation of D. melanogaster field lines did not show any consistent correlations 
between resistance and hemocyte load (Chapter 2). Moreover, even though the differences 
in encapsulation ability among the lines were of the same magnitude as had been reported 
for the different species (Eslin & Prevost, 1996; Eslin & Prévost, 1998), the variation in the 
total hemocyte count was much smaller among the D. melanogaster field lines.  
I showed that all field lines had an equally strong total hemocytic response to 
parasitization, irrespective of their level of parasitoid resistance. However, the high 
resistant field lines seemed to have converged on optimized ratios of the different 
hemocyte types to overcome parasitoid attack. The ratio of two specialized hemocyte 
types, lamellocytes and crystal cells, are likely of particular importance for a successful 
defense against parasitism. Even though absolute numbers of lamellocytes and crystal cells 
differed among the high resistant lines, the proportional increase of these two blood cell 
types was very similar, suggesting that not only a minimum hemocyte load is required for 
encapsulation, but that ratios between the different hemocytes need to be optimized for a 
successful response. Furthermore, the data suggest that such a ratio needs to be present 
before parasitization and needs to be maintained through the defensive response to 
establish successfully encapsulation.  
Although these hemocyte ratios converged among the high-resistant lines, the 




among high resistant lines. I found substantial differences among the field lines in the initial 
hemocyte load, the hemocytic increase after parasitization in specific hemocyte types, the 
speed at which they formed a capsule around the parasitoid egg, and in the accurate 
targeting of the hemocytes against the foreign body. The combined results suggest that the 
immune response has evolved differentially among the natural populations of D. 
melanogaster. This implies that the genetic architecture for fine-tuning the immune 
responses also differs.  
 
Diverse patterns in genetic variation among European field lines  
The substantial differences in immune responses to parasitoid attack among the field lines 
confirmed that local adaptation of host populations had occurred. To associate the 
phenotypic variation in resistance (Chapter 2) to genetic variation, within and among 
natural populations of D. melanogaster, I analyzed genetic variation in several candidate 
genes/putative loci for the immunological resistance against the parasitoid wasp A. tabida 
(Chapter 3 and 4). In Chapter 3, I aimed to find actual targets of selection for parasitoid 
resistance within a 600kb block on chromosome 2R that showed signatures of selection in a 
whole-genome comparison of control and selection lines for parasitoid resistance (Jalvingh 
et al., 2014). I found diverse patterns of the genetic variation among natural populations in 
7 genes within this 600kb block, but I did not find evidence for any of the sequenced genes 
to be candidates for parasitoid resistance across all the natural populations. A SNP 
genotyping assay at the level of individual flies did not show any consistent associations 
either between genotypes of particular candidate SNPs and the individuals' resistance. 
These results lead to the conclusion that parasitoid resistance in these field lines is not 
causally determined by the occurrence of a particular allele, conferring high resistance. 
While this could mean that resistance is conferred by other, not tested, SNPs in these or 
other genes, I propose an alternative explanation, where within-line co-adapted gene 
complexes are of more importance for determining resistance than any particular allele.  
 Local adaptations may arise from diverse, alternative mechanisms to overcome 
parasitism among populations, because evolution is highly context dependent. The 
influence of any particular allele may be strongly dependent on the genetic background and 
environmental factors that have been shaping the evolution of resistance levels in the 
different lines. In that case, the occurrence of within line co-adapted gene complexes 
(Dobzhansky & Wallace, 2003) may be as important as the acquisition or retaining of 
specific high-resistance conferring alleles. The combination of alleles that provides a fitness 
advantage depends on the interactions of these alleles. The particular combination that 




the environmental factors that have shaped the population, each population evolving 
different combinations and interactions between alleles, which are beneficial to the 
individuals of that particular population.  
In Chapter 4 we focused on immune receptors. Immune receptors are at the 
interface of host-pathogen interactions and are therefore likely to diverge fast due to co-
evolution. To test whether we could find sequence variation patterns within one species of 
Drosophila that indicate fast divergence, we sequenced DNA fragments of five immune 
receptors genes using eight field lines of D. melanogaster that differ in resistance against 
the parasitoid A. tabida. Only one of the five genes, Tep1, showed considerable sequence 
variation. Expression of this gene was measured in four of the field lines after parasitoid 
attack, and it was up-regulated in all lines, with subtle differences in the timing and level of 
expression among lines. Also in Tep1, we did not find any consistent genotype-phenotype 
association patterns among the field lines. This may reflect Red Queen dynamics, which is 
especially expected in genes at the interface between hosts and parasites, such as immune 
receptors, with cycles of co-evolution leading to maintenance of large genetic variation. 
Again, we find substantially different patterns among the field lines within the D. 
melanogaster species than in a between-species comparison, which showed signatures of 
positive selection in several of these immune receptors (Salazar-Jaramillo et al, 2014). This 
could signify that local adaptation to strong selection pressures can proceed very rapidly to 
fine-tune the genetic variation to the prevailing conditions and local parasite communities 
(Red Queen dynamics), as is suggested in Chapter 3, while the differences among species 
emphasizes the evolutionary divergence of traits at much longer time scales. 
 
Microbiome diversity and composition differences among European field lines 
The collective name of all the microbial communities that live inside a fruit fly (or any other 
organisms for that matter) is the microbiome. The microbiome can affect many other 
aspects of the biology of Drosophila, including lifespan (Brummel et al., 2004), intestinal 
stem cell activity (Buchon et al., 2009), kin recognition and mate choice (Sharon1 et al., 
2010; Lizé et al., 2013). Our characterization of bacterial communities of the microbiomes 
of six D. melanogaster field lines revealed a clear signature of population background on 
the diversity and composition of D. melanogaster microbiome that differed across lines 
even after hosts had been maintained at the same diet and laboratory conditions for over 4 
years. The exact mechanisms of these differences are yet to be determined, but could 
include both founder effects (i.e., the microbiome of the original founders of the field lines) 
and differences in the genetic or physiological compatibilities between host populations 




Furthermore, we found that antibiotic administration significantly altered the host 
resistance to the parasitoid Asobara tabida in three of the six evaluated lines. One of these 
lines lacks the microbial endosymbiont Wolbachia, which led to the hypothesis that this 
endosymbiont is not the sole component of the Drosophila microbiome that can cause a 
change in host resistance. Collectively, the results revealed that parasitoid resistance could 
be altered by modifying the composition of the microbiome. This may suggest that the 
phenotypic and genetic variation among natural populations in parasite resistance is 
perhaps partially mediated by the complex interactions between the host and its 
microbiome.  As a consequence, perturbations on these natural microbiomes differentially 
influence the host phenotypes and their resistance against natural parasites. 
 
Conclusion 
When studying local adaptation, we often deal with complex interactions between (many) 
genes and the environment. Even more so, allelic variation of these genes might only have 
a fitness advantage when occurring in a particular combination or when they interact in a 
specific way. The patterns that were found in between-species comparisons (Salazar-
Jaramillo et al., 2014) and in comparisons between artificially selected D. melanogaster 
lines for higher parasitoid resistance and their control lines (Jalvingh et al., 2014) did not 
reflect the variation that emerged from  comparisons between natural populations of D. 
melanogaster. Instead, substantial variation was found, both in phenotype (encapsulation 
success and hemocyte load composition) and genotype among the field lines, whether they 
were highly resistant against A. tabida or not. This led to the hypothesis that the genetic 
architecture for fine-tuning the immune response has evolved differentially among the 
populations of D. melanogaster. Local adaptation of the sampled D. melanogaster 
populations may have led to diverse, alternative mechanisms to overcome parasitism 
among these populations. The mechanisms and the influence of any particular allele could 
be highly dependent on the genetic background and environmental factors that have been 
shaping the evolution of resistance levels in the different lines. In this case, the occurrence 
of within line co-adapted gene complexes would be as important as the acquisition or 
retaining of specific high resistance conferring alleles. Genome-wide association studies, 
combined with hybridization crosses between field lines and knock-down of candidate 
genes could reveal evidence for co-adapted gene-complexes. Furthermore, since antibiotic 
administration significantly altered the host resistance to the parasitoid Asobara tabida and 
micobiome diversity and composition differs among the D. melanogaster field lines, a 





My aim was to uncover the genetic basis for the natural variation in the immunological 
defense against parasitoids. I show that this cannot be determined unambiguously, as co-
adapted gene complexes and the interaction with the environment and the microbiome are 
other important factors for this trait. The results of my thesis will serve as a basis to further 








Samenvatting         
 
Populaties van organismen zijn constant bezig zich aan te passen aan hun omgeving. Elke 
populatie ervaart hierbij zijn eigen combinatie van biotische interacties (zoals 
concurrenten, pathogenen, natuurlijke vijanden) en abiotische factoren (zoals temperatuur 
en luchtvochtigheid); dit varieert zowel tussen omgevingen als in de lokale omgeving. 
Neem bijvoorbeeld een populatie van insecten die te maken heeft met een plotselinge 
toename in de hoeveelheid aanwezige pathogenen. Individuen die succesvol zijn in de strijd 
tegen een pathogene infectie zullen in staat zijn zich voort te planten en nakomelingen 
erven dan de pathogene resistentie, mits resistentie tegen de pathogeen (gedeeltelijk) 
erfelijk is. Dit resulteert in een snelle aanpassing (adaptatie) van de populatie aan deze 
nieuwe condities. Tijdens evolutionaire adaptatie is het niet het individu dat evolueert en 
verandert maar het zijn de allelfrequenties in de populatie die veranderen door de tijd 
heen; de allelen die een bijdrage leveren aan een grotere overlevingskans en kans op 
voortplanting zullen met de tijd toenemen in frequentie in de populatie en daarmee dus 
ook het aantal die deze allelen dragen. Dit is natuurlijke selectie: het verschil in overleven 
en reproductief succes tussen individuen. Natuurlijke selectie kan leiden tot evolutionaire 
adaptatie want individuen die een combinatie van genen dragen die hen in staat stelt beter 
om te gaan met plaatselijke en huidige omgevingsfactoren zullen uiteindelijk een grotere 
proportie van de populatie gaan uitmaken. 
Erfelijke variatie in genetische informatie ligt vast in het genoom (al het DNA van 
een organisme). Deze genetische variatie leidt tot variatie tussen individuen in hun 
eigenschappen, gedrag, fysiologie en hun vermogen om met (plaatselijke) 
omgevingsfactoren om te gaan. Genetische variatie is het ruwe materiaal waar evolutie op 
aangrijpt. De aanwezige erfelijke variatie in een populatie, samen met de selectiedrukken 
die werken op deze variatie, maken het mogelijk voor organismen om te evolueren en te 
adapteren aan de omgeving. Het genoom is echter een stuk minder flexibel dan de 
variabiliteit in omgevingen. Genen coderen voor eiwitten en kleine veranderingen in de 
DNA sequentie kunnen tot gevolg hebben dat eiwitten qua functionaliteit beter worden 
maar het kan ook het tegenovergestelde effect hebben waar eiwitten minder efficiënt 
worden of zelfs niet-functioneel. Bovendien zijn genen vaak betrokken bij meerdere 
processen zoals de immuunprocessen en de ontwikkeling van het organisme. Deze andere 
processen leggen een beperking op het veranderen van de combinatie van aminozuren van 
een gen. Het omgaan met variabele omgevingsfactoren komt daardoor meestal tot stand 




informatie. Het gericht aanvallen van een nieuwe pathogene infectie door het immune 
systeem heeft bijvoorbeeld niet een geheel nieuwe combinatie van aminozuren nodig om 
een meer efficiënt eiwit te vormen. Het verhogen van de productie van het eiwit dat al 
aanwezig is, kan ook een verbetering in de efficiëntie van de immuunreactie geven. In dit 
geval is het niet het coderende gedeelte van het gen dat verandert in compositie maar het 
is de regulatie van de transcriptie van het gen dat verandert. Dit kan komen door 
veranderingen in het promotorgebied van het gen of door andere genen die betrokken zijn 
bij de regulatie van het gen.  
Bij het bestuderen van de genetische variatie die de variatie van een bepaalde 
eigenschap teweegbrengt, is een populatiegenetische methode nodig. Evolutionaire 
processen die een effect hebben op populaties van organismen kunnen in kaart gebracht 
worden door het vergelijken van allelfrequenties binnen en tussen populaties. Deze 
vergelijkingen in allelfrequenties kunnen gebruikt worden om evolutionaire relaties tussen 
populaties te testen, hoe populaties zich hebben aangepast aan hun omgeving en hoe niet-
adaptieve processen de genetische compositie van populaties hebben gevormd. De 
evolutie van populaties wordt teweeg gebracht door meerdere processen. Deze processen 
worden samengevat in hoofdstuk 1 van dit proefschrift.  
In dit proefschrift richt ik mij op de immuunreactie tegen parasitoïden; een 
adaptieve eigenschap. Het modelsysteem wat ik gebruik voor deze gastheer-parasitoid 
interactie is de fruitvlieg Drosophila melanogaster als gastheer en de sluipwesp Asobara 
tabida als parasitoid. Parasitoïden zijn insecten waarvan de ontwikkeling plaatsvindt in 
andere insecten, waarbij de gastheer wordt gedood. Sluipwespen behoren tot de 
parasitoïden. De A. tabida sluipwesp legt haar ei in een D. melanogaster larve en komt uit 
nadat de gastheer zich heeft verpopt. De wespenlarve voedt zich met de gastheer met 
fatale gevolgen voor de gastheer. In de melanogaster subgroep is een aantal Drosophila 
soorten in staat om zich te verdedigen tegen sluipwespen. Deze immuunreactie wordt 
melanotische inkapseling (melanotic encapsulation) genoemd (Lavine & Strand, 2002). 
Inkapseling van het sluipwespenei gebeurt door de gespecialiseerde bloedcellen 
(hemocyten), lamellocyten, kristalcellen en plasmatocyten die een kapsel met meerdere 
lagen vormen rondom het ei. Tegelijkertijd wordt dit bloedcellenkapsel gemelaniseerd en 
wanneer dit volledig is zal het wespenembryo niet uitkomen en gedood worden door 
cytotoxische processen (Nappi et al., 2000, 2009; Meister, 2004; Lemaitre & Hoffmann, 
2007). Populaties van D. melanogaster komen bijna overal ter wereld voor en verschillen 
aanzienlijk in hun resistentie tegen sluipwespen (Kraaijeveld & van Alphen, 1995; 
Kraaijeveld & Godfray, 1999; Gerritsma et al., 2013, Hoofdstuk 2). Resistentie van D. 




experimentele selectie-experimenten om hoogresistente lijnen te selecteren (Kraaijeveld & 
Godfray, 1997; Fellowes et al., 1998; Jalvingh et al., 2014). 
Het doel van mijn onderzoek was om de onderliggende genetische informatie van 
de natuurlijke variatie van de immuunreactie tegen sluipwespen te achterhalen. Ik heb 
deze erfelijke variatie in resistentie bestudeerd tussen natuurlijke populaties van D. 
melanogaster en heb onderzocht hoe lokale adaptatie de evolutie van sluipwesp resistentie 
heeft gevormd. De vliegen zijn gevangen vanuit natuurlijke populaties uit verschillende 
locaties in Europa. Door de combinatie van immunologische experimenten, parasitatie 
experimenten, populatie genetica methoden en genexpressie-experimenten, heb ik de 
onderliggende genetische variatie van de immuunreactie tegen sluipwespen onderzocht in 
deze veldlijnen. Daarnaast heb ik ook gekeken naar het effect van het microbioom van D. 
melanogaster op sluipwesp resistentie, door de bacteriële gemeenschap die aanwezig is in 
de fruitvlieg te karakteriseren en de samenstelling en diversiteit vast te stellen en te 
vergelijken tussen de veldlijnen. Dit heb ik vervolgens proberen te koppelen aan hun 
resistentie fenotype.  
 
Grote variatie in sluipwesp resistentie tussen Europese veldlijnen 
De 24 gevangen veldlijnen van D. melanogaster vanuit Europa verschillen substantieel in 
hun vermogen om wespeneitjes in te kapselen. Dit varieerde van ~10% resistentie in Noord 
Europa tot ~90% resistentie in Centraal- en Zuid Europa (Hoofdstuk 2). Naast het vermogen 
tot inkapseling heb ik ook gekeken naar de totale aantallen bloedcellen (hemocyten) die 
aanwezig zijn in het hemolymph (de circulerende hemocyten) van de veldlijnen voor en na 
parasitatie door de sluipwesp en naar de samenstelling van bloedcellen in het hemolymph. 
Bloedcellen zijn belangrijk in het inkapselingproces, aangezien het een cellulaire 
immuunreactie is. Eerdere studies hebben de totale aantallen hemocyten vergeleken 
tussen Drosophila soorten en lieten zien dat soorten die een hoger resistentie niveau 
hadden geëvolueerd, ook hogere aantallen hemocyten bezitten en dat deze aantallen sterk 
stegen na een sluipwesp aanval (Eslin & Prevost, 1996; Eslin & Prévost, 1998). In 
vergelijkingen tussen D. melanogaster lijnen die experimenteel geselecteerd waren voor 
hogere resistentie en de bijbehorende controlelijnen was ook een duidelijke correlatie 
tussen resistentieniveau en het aantal circulerende hemocyten (Kraaijeveld et al., 2001; 
Wertheim et al., 2011). In tegenstelling tot deze eerdere bevindingen, konden er geen 
consistente correlaties tussen resistentie en totale aantallen circulerende hemocyten 
worden vastgesteld in de veldlijnen van D. melanogaster (Hoofdstuk 2). De variatie in 
resistentie tussen de D. melanogaster veldlijnen is van dezelfde omvang als wat is 




Prévost, 1998) alleen is de variatie in totale aantallen bloedcellen veel kleiner in de 
veldlijnen. 
Ik laat zien dat alle veldlijnen een even sterke cellulaire response hebben bij 
parasitatie ongeacht of sluipwesp resistentie laag of hoog was. Echter, de hoog resistente 
veldlijnen optimaliseren de ratio van gespecialiseerde hemocyten om een succesvolle 
immuunreactie te geven tegen de sluipwespen. Vooral de ratio tussen twee van de 
gespecialiseerde hemocyten, lamellocyten en kristalcellen, blijkt belangrijk te zijn voor een 
succesvolle immuunreactie tegen parasitatie. Hoewel de absolute aantallen lamellocyten 
en kristal cellen verschillen tussen de hoogresistente lijnen was de proportionele toename 
van deze twee bloedcellen gelijk. Dit suggereert dat voor een succesvolle inkapseling van 
het wespeneitje er niet alleen een minimaal aantal circulerende bloedcellen aanwezig moet 
zijn maar dat de ratio tussen verschillende hemocyten geoptimaliseerd moet zijn. Wat de 
gegevens nog meer suggereren is dat deze optimale ratio al aanwezig moet zijn voordat 
parasitatie plaatsvindt en dat de ratio vastgehouden moet worden tijdens het gehele 
proces van inkapseling om zo een succesvolle immuunreactie te geven.  
De veldlijnen laten substantiële verschillen in immuunreacties zien tegen 
sluipwesp aanvallen, zelfs tussen de hoog resistente lijnen, waarbij de hemocyten ratios 
geconvergeerd zijn. De verschillen zijn te zien in de initiële aantallen hemocyten die 
aanwezig zijn, de toename van specifieke gespecialiseerde hemocyten na parasitatie, de 
snelheid waarmee het kapsel om het wespeneitje gevormd werd en hoe accuraat de 
hemocyten een kapsel vormden om het ei. Deze resultaten gecombineerd suggereren dat 
de immuunreactie verschillend is geëvolueerd tussen de natuurlijke populaties van D. 
melanogaster. Dit impliceert dat de genetische architectuur voor de exacte afstelling van 
de immuunreactie verschilt tussen natuurlijke populaties van D. melanogaster.  
Variërende patronen in genetische variatie tussen Europese veldlijnen 
De substantiële verschillen in de immuunreactie tegen sluipwesp aanvallen tussen de 
veldlijnen geven een aanwijzing dat er locale adaptatie van de gastheer populaties tegen 
sluipwespen is opgetreden. Om de fenotypische variatie in resistentie (Hoofdstuk 2) te 
associëren met de genotypische variatie, tussen maar ook binnen natuurlijke populaties 
van D. melanogaster, heb ik de genetische variatie van 7 mogelijke kandidaat genen en 5 
receptor moleculen voor immunologische resistentie tegen de sluipwesp A. tabida 
geanalyseerd (Hoofdstuk 3 en 4). 
Het doel van Hoofdstuk 3 was om de genen te vinden die onder selectie stonden 
voor sluipwesp resistentie in een 600kb blok op chromosoom 2R. Dit blok liet signalen zien 




sequenties tussen selectie- en controlelijnen voor sluipwesp resistentie vergeleken en 
geanalyseerd werden (Jalvingh et al., 2014). In 7 genen in dit 600kb blok, vond ik variërende 
patronen in genetische variatie tussen de veldlijnen maar ik kon geen aanwijzingen vinden 
dat deze genen kandidaat genen waren voor sluipwesp resistentie in de veldlijnen. Ook een 
SNP genotypering van individueel gefenotypeerde vliegen liet geen consistente associaties 
zien tussen genotypen van een bepaalde kandidaat SNP en de resistentie van het individu. 
Deze resultaten leidden tot de conclusie dat resistentie tegen sluipwespen in deze 
veldlijnen niet causaal verbonden is aan de aanwezigheid van een bepaald allel dat hoge 
resistentie teweeg brengt. Een verklaring zou kunnen zijn dat andere, niet geteste SNPs in 
deze genen of in andere genen, wel resistentie tegen sluipwespen teweeg kunnen brengen. 
Een alternatieve hypothese is dat binnen de veldlijnen een netwerk aan genen die 
interactief zijn en samen zijn geadapteerd (‘co-adapted gene complexes’ of co-adaptieve 
gen netwerken), belangrijker is voor resistentie dan elk allel op zich.  
Lokale adaptatie kan tot stand komen door diverse, alternatieve mechanismen om 
parasitatie door sluipwespen tegen te gaan tussen de populaties aangezien evolutie 
context afhankelijk is. Hoeveel invloed een bepaald allel heeft kan sterk afhangen van de 
genetische achtergrond en omgevingsfactoren die de evolutie van resistentie in de 
verschillende veldlijnen hebben vormgegeven. In dit geval zijn lijnspecifieke netwerken van 
genen die interactief zijn en samen zijn geadapteerd (Dobzhansky & Wallace, 2003) even 
belangrijk als het verkrijgen van specifieke allelen die hoge resistentie teweeg brengen. De 
combinatie van allelen die een fitness voordeel teweegbrengen hangt af van de interactie 
tussen deze allelen. De combinatie die een fitness voordeel geeft, hangt af van de 
genetische achtergrond van de populatie maar ook van de omgevingsfactoren die de 
populatie vorm hebben gegeven. Elke populatie evolueert verschillende combinaties en 
interacties tussen allelen welke een voordeel geven aan individuen van alleen die bepaalde 
populatie. 
Hoofdstuk 4 is gericht op immuun receptoren. Immuun receptoren detecteren als 
eersten of er een binnendringer (parasiet, of een ander lichaamsvreemd object) aanwezig is 
in de gastheer en zetten vervolgens een immuunreactie op gang. Omdat deze receptoren 
zich snel moeten kunnen aanpassen aan parasieten die adapteren om detectie van deze 
receptoren te omzeilen is de verwachting dat deze genen ontzettend snel divergeren. In 
Hoofdstuk 4 is gekeken naar sequentie variatie van 5 immuun receptor genen in 8 
veldlijnen van D. melanogaster die verschillen in hun resistentie tegen de sluipwesp A. 
tabida. Op basis van de sequenties van DNA fragmenten van deze 5 genen werd getest of 
deze receptor genen een hoge mate van genetische variatie vertonen wat er op kan wijzen 
dat de genen onder balancerende (“balancing”) selectie staan of antagonistisch aan het co-




variatie in de sequenties. Om meer te weten te komen over de rol van Tep1 in sluipwesp 
resistentie, is gekeken naar de expressie van dit gen in 4 veldlijnen na parasitatie door 
sluipwespen. In alle 4 lijnen nam de expressie van Tep1 toe na parasitatie door de wesp. 
Kleine verschillen zoals de timing en de hoogte van expressie waren aanwezig tussen de 
lijnen. Ook in Tep1 konden geen consistente genotype-fenotype associaties gevonden 
worden in de veldlijnen. Dit kan een reflectie zijn van de zogenaamde Red Queen 
dynamiek. Dit is vooral te verwachten bij genen die direct en als eerste contact leggen 
tussen de gastheer en zijn parasieten, zoals immuun receptoren. De vele cycli van co-
evolutie tussen gastheer en parasiet kan voor de instandhouding van de enorme genetische 
variatie gezorgd hebben. In een vergelijking tussen verschillende Drosophila soorten zijn 
signaturen van positieve selectie gevonden in meerdere van deze immuun receptoren 
(Salazar-Jaramillo et al., 2014). Ook in de studie van Hoofdstuk 4 komen de patronen die in 
vergelijkingen tussen Drosophila soorten gevonden zijn niet overeen met de patronen die is 
gevonden in de vergelijking tussen veldlijnen van D. melanogaster. Dit kan betekenen dat 
lokale adaptatie tegen sterke selectiedrukken snel kan verlopen door het afstellen van de 
genetische variatie tegen de heersende condities en lokale parasieten populaties (Red 
Queen dynamiek, zoals gesuggereerd in Hoofdstuk 3). Verschillen tussen soorten, 
daarentegen, benadrukken de evolutionaire divergentie van eigenschappen over veel 
langere perioden. 
 
Diversiteit en samenstelling van het microbioom verschillen tussen Europese veldlijnen 
De collectieve naam voor alle microbiologische gemeenschappen die in de fruitvlieg leven 
(of elk ander organisme) is het microbioom. Het microbioom kan vele aspecten van de 
biologie van Drosophila beïnvloeden, zoals levensduur (Brummel et al., 2004), 
stamcelactiviteit (Buchon et al., 2009), verwantenherkenning en partnerkeuze (Sharon et 
al., 2010; Lizé et al., 2013). In Hoofdstuk 5 is de bacteriële gemeenschappen van de 
microbiomen van 6 D. melanogaster veldlijnen gekarakteriseerd. De microbiomen 
verschillen in diversiteit en samenstelling, zelfs nadat de vliegen 4 jaar onder 
laboratoriumcondities en op hetzelfde dieet waren gehouden. Wat het exacte mechanisme 
is dat verantwoordelijk is voor de verschillen in microbioom moet nog bepaald worden. Het 
zou echter kunnen zijn dat het zogenaamde ‘founder effect’ is opgetreden: de 
microbiomen van de vliegen die verzameld zijn tijdens veldwerk, zijn in stand gehouden 
gedurende de 4 jaar dat de vliegen in het laboratorium zijn gehouden. Maar ook verschillen 
in genetische- en fysiologische compatibiliteit tussen de gastheer populaties en hun 




Hoofdstuk 5 is dat dieet niet de voornaamste factor is die de samenstelling van het 
microbioom bepaald. 
Het toedienen van antibiotica bracht een significante verandering in gastheer 
resistentie tegen de sluipwesp A. tabida teweeg in 3 van de 6 geteste veldlijnen van D. 
melanogaster. Een van deze lijnen is geen drager van de endosymbiont Wolbachia, wat 
resulteerde in de hypothese dat deze endosymbiont niet de exclusieve component is in 
Drosophila microbioom die een verandering in gastheer resistentie kan veroorzaken. 
Samenvattend laten deze resultaten zien dat sluipwesp resistentie kan veranderen als de 
samenstelling van het microbioom gemodificeerd wordt. Dit suggereert dat de 
fenotypische en genetische variatie in sluipwesp resistentie in natuurlijke populaties, 
mogelijk gedeeltelijk tot stand komen door de complexe interacties tussen de gastheer en 
zijn microbioom. Dit heeft als consequentie dat verstoring van deze natuurlijke 




Bij het onderzoeken van lokale adaptatie hebben we vaak te maken met complexe 
interacties tussen (vele) genen en de omgeving. Het kan zelfs zo zijn dat allel variatie van 
deze genen alleen een fitness voordeel oplevert als ze in een bepaalde combinatie 
voorkomen of wanneer ze op een specifieke manier interactie met elkaar hebben. De 
patronen die gevonden zijn in vergelijkingen tussen soorten van Drosophila en 
vergelijkingen tussen experimenteel geselecteerde D. melanogaster lijnen voor hogere 
resistentie tegen sluipwespen en de bijbehorende controlelijnen wordt niet gereflecteerd 
in de variatie die naar boven kwam in vergelijkingen tussen natuurlijke populaties van D. 
melanogaster. In plaats daarvan is er substantiële variatie gevonden in het fenotype 
(inkapseling vermogen en hemocyten compositie) en genotype tussen de veldlijnen, 
ongeacht het resistentie niveau tegen A. tabida. Dit resulteerde in de hypothese dat de 
evolutie van de genetische architectuur voor de exacte afstelling van de immuun reactie 
verschilt tussen natuurlijke populaties van D. melanogaster. Door lokale adaptatie hebben 
de D. melanogaster populaties verschillende, alternatieve mechanismen om resistentie 
tegen sluipwespen op te bouwen. Hoeveel invloed deze mechanismen of bepaalde allelen 
hebben kan sterk afhangen van de genetische achtergrond en omgevingsfactoren die de 
evolutie van resistentie in de verschillende veldlijnen hebben vormgegeven. In dit geval zijn 
lijn specifieke netwerken van genen die interactief zijn en samen zijn geadapteerd (co-
adaptieve gen-complexen) misschien wel even belangrijker als het verkrijgen of behouden 




hele genoom geanalyseerd wordt (genome-wide association studies), gecombineerd met 
kruisingen tussen veldlijnen en de knock-down van kandidaat genen zou bewijs kunnen 
leveren op het bestaan van deze co-adaptieve gen netwerken. Daar komt bij dat het effect 
van Drosophila microbioom op sluipwesp resistentie met meer precisie onderzocht moet 
worden aangezien antibiotica toediening gastheer resistentie tegen A. tabida significant 
veranderd en microbioom diversiteit en compositie verschild tussen D. melanogaster 
veldlijnen. 
Mijn doel was om de genetische basis van de natuurlijke variatie in de 
immuunreactie tegen sluipwespen te achterhalen. Ik laat zien dat dit niet eenduidig 
bepaald kan worden, aangezien andere belangrijke factoren meespelen voor deze 
eigenschap zoals co-adaptieve gen netwerken en de interactie met de omgeving en het 
microbioom. De resultaten van mijn proefschrift zullen dienen als een basis voor verder 
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